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Pyrolysis and leaching are the dominant techniques applied in the recycling of 
waste printed wiring boards (PWBs). Waste PWB pyrolysis is a highly polluting 
technology and produces brominated pyrolysis oils in addition to hydrogen bromide 
(HBr) gas. Moreover, leaching as a treatment process of waste PWBs is not well 
investigated. In this work, the pyrolysis of waste PWBs has been studied with the aim of 
reducing the amount of brominated oils and HBr gas evolved.  
The effects of powder inorganic chemicals (CaO, CaCO3, Fe2O3, Al2O3, Y-
Zeolite, and ZSM-5) additions on the pyrolysis of waste PWBs has been studied through 
experiments using a thermogravimetric-differential thermal analyzer connected to a mass 
spectrometer (TG-DTA-MS) and in a tube furnace at 900 
o
C. It has been shown that the 
kinetic models by Friedman, Flynn-Wall-Ozawa, and Kissinger are applicable to waste 
PWB pyrolysis at temperatures below 400 
o
C. Moreover, CaO, CaCO3, Fe2O3, Y-Zeolite, 
and ZSM-5 show a potential to reduce the amount of HBr gas evolved during pyrolysis in 
TG-DTA-MS. However, in the tube furnace pyrolysis experiments, CaO and CaCO3 were 
found to be the most effective chemical additions, with more than 90% reduction in total 
bromine (HBr and other brominated gases) evolved. 
It has also been demonstrated that the sequential leaching of waste PWBs with 
hydrochloric acid, nitric acid and aqua regia is capable of selective recovery of base and 
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The electrical and electronic industry is one of the world’s largest and fastest 
growing manufacturing sectors.  As a consequence of its growth, a large volume of 
obsolete and discarded electrical and electronic equipment (e-waste) is generated such as 
computers, washing machines, printers, mobile phones, television sets, and stereos. In 
fact, the United Nations Environmental Program estimates that 20 – 50 million metric 
tons of e-waste are generated worldwide per year.  In developed countries, this equals to 
~1% of total solid waste [1].  In the United States, it is estimated that over 500 million 
computers became obsolete between 1997and 2007 with only 20% of them collected, 
treated and recycled.  The growing stockpile of used and obsolete consumer electronics 
has been called the “largest toxic waste problem of the 21st century”[2].   
Printed wiring boards (PWBs)—also called printed circuit boards(PCBs), are a 
significant part of almost all e-waste and account for ~3% by weight [3].  PWBs are a 
platform upon which microelectronic components like capacitors, transistors, and 
microchips are mounted.  They are a complex mixture of metals (~40 wt. %), polymers 
(~30 wt. %) and ceramics (~30 wt. %) [4].  The metal part is composed of precious 
metals like gold (Au), silver (Ag), palladium (Pd), and platinum (Pt); base/transition 
metals such as copper (Cu), zinc (Zn), nickel (Ni), aluminum (Al), iron (Fe), and 
chromium (Cr), and toxic metals including lead (Pb), cadmium (Cd), beryllium (Be), tin 
(Sn) and antimony (Sb).  The polymer part of the PWBs is mostly polystyrene (PS), 
polypropylene (PP), polyvinyl chloride (PVC) and epoxies with halogenated flame 
retardants (HFRs) [5].  Lastly, the ceramic fraction is mainly alumina (Al2O3), silica 
(SiO2), calcia (CaO) and magnesia (MgO).  Table 1.1 shows typical waste PWB material 
composition.  
The main organic substance is typically ethoxyline resin bromide or ethoxyline 
resin chloridate.  Many PWBs are made up of either polymer films such as polyimides, or 
less frequently polyethylene terephthalate or polyethylene naphthalate, or glass fiber 
composites bonded with a thermoset resin.  Common resins include difunctional epoxy 
resins such as bisphenol A (BPA), multifunctional epoxy resins such as phenol and 
  
2 
creosol based epoxy novolacs, cyanate esters, and polyimides. In addition to a resin, a 
hardener is needed to induce the cross-linking required to create a thermoset plastic.  The 
most common hardener is dicyanodiamide, although sometimes diamino-diphenyl 
sulfone or diamino-diphenyl methane are used [6].  Fig 1.1 is an example of the chemical 
structure (construction) of the waste PWB organic fraction [7]. 
 
 
Table 1.1.  Material Composition of Waste PWBs (wt.%) [4] 
Materials Wt.% 
Metals   
 Cu 20 
 Al 2 
 Pb 2 
 Zn 1 
 Ni 2 
 Fe 8 
 Sn 4 
 Sb 0.4 
 Au/ppm 1000 
 Pt/ppm 30 [8] 
 Ag/ppm 2000 
 Pd/ppm 50 
Ceramic SiO2 15 
 Al2O3 6 
 
Alkaline and alkaline 
earth oxides 
6 
 Titanates, Mica 3 
Plastics Polyethylene (PE) 9.9 
 Polypropylene(PP) 4.8 
 Polyesters (PS) 4.8 
 Epoxies 4.8 
 Polyvinyl-chloride(PVC) 2.4 
 Polytetra-flouroethane (PTFE) 2.4 




Figure 1.1.  Example of the Chemical Structure of Waste PWB Organic Fraction [7] 
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The chemical material composition of waste PWBs is not universal and varies 
from manufacturer to manufacturer, state to state and electronic device to electronic 
device.  Chien [9] et al. estimated the elemental composition of waste PWBs as 
summarized in Table 1.2.  However, the compositions listed in Tables 1.1 and 1.2 should 




Table 1.2.  Typical Elemental Composition of Waste PWBs [9] 






S Trace  
Cl Trace  
Cu  9.53 




The rapid development and expansion of the electronics industry over several 
decades have led to a dramatic increase in the production of PWBs and a corresponding 
increase in the amount of waste generated from both production and disposal. The 
environmental impacts of the treatment and recycling of waste PWBs waste have become 
a major concern [6, 10]. Many countries have drafted legislation to improve the re-use 
and recycling of PWBs in order to reduce their disposal to landfill [5].  The driving force 
for recycling of PWBs is not only for the protection of the environment but also for the 
recovery of valuable materials like Au, Ag, Cu and Sn [8].   
Waste PWBs are particularly problematic to recycle because of the heterogeneous 
mix of organic material, metals, and glass fiber [6].  However, as natural sources for 
precious metals like Au become depleted, artificial sources like e-waste has the potential 
of becoming a vital resource.  In order to extract one ounce of gold from ore, about two 
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tons of stone must be transported from a great depth, sorted, crushed, screened, 
concentrated, and smelted. In contrast, the wiring boards and connectors from five 
discarded computers contain the same amount of Au.   
In past decades, recycling of PWBs has been based on pyrolysis.  This is a highly 
polluting recycling technology which causes a variety of environmental problems [11-13].   
The pyrolysis process generates gas or liquid-phase combustible fuel by heating 
polymers contained in waste PWBs in the absence of oxygen [6].  However, brominated 
phenol (un-usbale and toxic) is a major component of the oil from waste PWBs pyrolysis 
[6].  Bromine containing phenols are potentially hazardous compounds emitted during the 
heating of polymers flame retarded with tetrabromo-bisphenol A (TBBA) based fire 
retardants. In fact, brominated phenols likely form polybrominated dibenzo-p-dioxins and 
furans (PBDD/PBDF) through Ullmann condensation, contaminating pyrolysis products. 
Therefore, the reduction of the amount of brominated phenols in the pyrolysis gas in 
favor of less toxic substances is an important way to add value to waste PWBs recycling.   
Dehalogenation has long been used in organic chemistry research to remove 
undesirable halogen heteroatoms (F, Cl, Br, Cl, and I) from organic compounds.  It is 
defined as the replacement of the halogen molecules or the decomposition and partial 
volatilization of the halogen contaminants.  Similarly, this method has been applied to 
pyrolysis of waste PWBs as a way of reducing the amount of brominated oils, brominated 
organic gas, etc. evolved. However, dehalogenation of TBBA and other brominated 
polymers contained in waste PWBS produces secondary toxic gases like hydrogen 
bromide gas (HBr), hydrochloric acid gas (HCl), bromine gas, and chlorine, all of which 
make pyrolysis, a less desirable recycling process.   
Therefore, the challenge for commercial e-waste/waste PWBs recyclers around 
the world today include:  1) scrubbing HBr from an off-gas flow from the pyrolysis 
process  2) scrubbing HCl from an off-gas flow from the pyrolysis process  3) elimination 
of bromine and  chlorine from mixed polymer fractions, to produce oil, char, and gas 
fractions, free from Br and Cl and other hetero-atoms.  Several strategies have been 
studied by different researchers to determine the best ways of dehalogenation of pyrolysis 
gas from e-waste recycling and will be discussed in subsection 1.2 (state of the art 
recycling methods of waste PWBs). 
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In order to recover the metal fraction of waste PWBs, most of the contemporary 
research activities have focused on hydrometallurgical techniques.  However, 
hydrometallurgy has a number of drawbacks like significant generation of liquid wastes 
and slow kinetics [14].   
As the world becomes more technologically sophisticated, combined with rapid 
development of third world countries, e-waste generation will continue to grow.  
Therefore, better pyrometallurgical and hydrometallurgical recycling methods for waste 
PWBs will become even more vital to society.   
 
 
1.2. STATE OF THE ART RECYCLING METHODS OF WASTE PWBS 
The goals of this dissertation are to study methods of reducing amounts of toxic 
bromine compounds evolved during the pyrolysis of waste PWBs by use of inorganic 
chemical additives, evaluate the feasibility of recovery of bromine free oils from waste 
PWB pyrolysis, determine the mechanisms involved in waste PWB pyrolysis, and 
recovery of the metal content of PWBs by leaching.   
Figure 1.2 shows the conceptual framework of this study with the arrow pointing 
to possible recycling techniques available today for the treatment of waste PWBs.  The 
current (state of the art) recycling techniques available in literature are reviewed in the 








Figure 1.2.  The Conceptual Framework  
 
 
1.2.1. Mechanical Treatment.  Cui et al. [11] and Huang et al. [12] provide 
comprehensive reviews of mechanical recycling of waste electric and electronic 
equipment (EEE). According to Cui and Forssberg [11], mechanical recycling provides 
an alternative means of recovering valuable materials from e-waste (including PWBs). 
Mechanical treatment of e-waste (PWBs) has several successive steps including: 1) 
disassembly 2) size reduction and 3) physical upgrading. Disassembly or dismantling is 
an indispensable step in singling out hazardous and valuable components of waste PWBs. 
Research on disassembly has been very active in the past few decades.  A detailed review 
was written by Gungor and Gupta [13].  After disassembly, the next step in mechanical 
treatment is typically size reduction.  Several size reduction technologies such as hammer 
mills, impact crushers, chippers, and different cutting mills like rotor scissors, rasp mills, 
and rotary drum cutters are used.  Typical size reduction steps for mechanical processing 
of materials containing metals (PWBs included) are coarse shredding to medium 
shredding followed by final fine shredding operations [14].  Physical upgrading is the last 
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step in the mechanical processing of waste PWBs.  Waste PWB powders can be 
mechanically separated into different streams depending on their physical properties. The 
most common upgrading methods include: screening, shape separation, jigging, magnetic 
separation, electrical conductivity based separations, and density based separation. 
Mechanical recycling of e-waste is very energy intensive and expensive.  Also, 
the noble metals contained in waste PWBs may be lost as they usually adhere to the non-
metallic powder in the crushing and grinding processes [15].  This problem is 
compounded by ever decreasing amounts of precious metals in consumer electronic 
equipment. Therefore, mechanical treatment as a recycling technique cannot be used in 
isolation if a viable recycling strategy is to be developed to deal with the increasing 
problem of e-waste/waste PWBs.   
1.2.2. Pyrometallurgical.  Pyrometallurgical processes such as incineration  
(combustion), pyrolysis, smelting in the plasma arc furnace or blast furnace, drossing, 
sintering, and reactions in the gas phase at high temperature have become traditional 
methods of recovery of materials from e-waste [16].  Two pyrometallurgical processes 
predominate PWB recycling: 1) combustion and 2) pyrolysis.   
1.2.2.1  Combustion.  Combustion involves the burning (oxidation) of e-waste  
(including waste PWBs) in a furnace or molten metal bath to separate plastics from 
slag/refractory oxides.  Combustion is advantageous in that it reduces the volume of 
waste PWBs to be landfilled in addition to the substantial amount of energy recovered 
during the process.  The main drawback of combustion is the generation of greenhouse 
gases (CO2, NOx, CH4, etc.) in addition to toxic furans and dioxins.   
Combustion has traditionally been used as a treatment method of e-waste [6, 17-
19]. Countries like Russia, Ghana, China, and India have used combustion as a way of 
treating of municipal solid waste.  Moreover, plastics are a key component of most waste 
PWBs.  This is an important process in recycling terms since plastics contain a very high 
energy potential [19].  With increasing energy demands around the world, alternative 
sources of energy including e-waste are becoming more interesting.  Several iron- and 
steelmaking companies have used waste plastic as an alternative energy source to oil and 
coal in the tuyere zone of blast furnaces [20, 21] and as slag foaming agents in electric 
arc furnaces.  
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According to Sakai et al. [22], combustion studies of brominated flame retardants 
(major constituent of waste PWB plastics) in a rotary kiln, demonstrated that the flue gas 
from this process contained mainly polybrominated dibenzodioxins and dibenzofurans 
(PBDDs/DFs).  Aside from the results from Sakai et al. [22], Conesa et al. [23] reported 
light hydrocarbons, and polyaromatic hydrocarbons (PAHs) in addition to 
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) type compounds when 
combusting polyethylene (PE), tyres, sewage sludges, polyvinylchloride (PVC), cotton 
textiles, polyester textiles, meat, and bone-meals (MBMs), varnish wastes, olive oil solid 
waste (pomace), waste lube oils, and paper waste.  Moreover, the amount of oxygen in 
the system showed that emissions of some compounds decreased with increasing oxygen 
ratio.  At the open burning sites in Ghana, some toxic metals such as lead were present at 
concentrations over one hundred times the typical background levels in soils [24].  Other 
studies by Molto et al. [17], Ni et al. [25] and Zuo et al. [26], found that the major 
components of the flue gas were hydrogen bromide gas (HBr), bromine gas (Br2), 
hydrochloric gas (HCl), and chlorine gas (Cl2), and others depending on the original 
composition of the waste PWB.   
With increasingly strict legislations against open burning (combustion) of e-waste, 
the need to find better recycling techniques for waste PWBs is more urgent.  The 
combustion process as a recycling technique is highly unpredictable and hard to control. 
Therefore, combustion as a recycling technique of e-waste was not considered further in 
the current study.   
1.2.2.2 Pyrolysis.  Pyrolysis is one of the promising methods of PWBs  
recycling.  Pyrolysis is the thermo-chemical decomposition of organic materials at 
elevated temperatures in the absence of oxygen, using vacuum or inert atmosphere to 
produce oil, gas, and char.  The main advantage of this process is the potential to use all 
of the pyrolysis products.  However, the pyrolysis process has two major disadvantages: 
1) the generation of toxic HBr as one of the main gaseous species and 2) difficulty 
separating the materials from the heterogeneous mixture of pyrolysis products (metals, 
glass fiber, and organic).  Pyrolysis as a recycling technique for waste PWBs has been 
widely investigated [3, 6, 17, 27-40].  The most comprehensive work being that of Hall et 
al. [6], Zhou et al. [40], and Quan et al. [30].  Vacuum and inert pyrolysis are the most 
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common pyrolysis recycling techniques used in e-waste/waste PWBs recycling in 
literature.  However, little attention has been given to the control of chemically toxic 
gases in the pyrolysis process.  With ever increasing restrictions on the amounts of toxic 
gases released to the atmosphere, the viability of pyrolysis as a recycling method for 
waste PWBs will depend on the ability of this process to control the toxic gases 
(especially HBr) released during processing.  Contamination of pyrolysis oil by harmful 
compounds complicates the issue with a strong impact on material and thermal recycling. 
Bromine-containing phenols are potentially hazardous compounds emitted during heating 
of polymers containing units such as flame retard tetrabromobisphenol A (TBBA).  
Infact, brominated phenols likely form polybrominated dibenzo-dioxins and furans 
(PBDD/PBDF) through Ullmann condensation, which contaminate the pyrolysis 
products. The reduction of the amount of brominated phenols in the pyrolysis oil in favor 
of less toxic substances is a way to add value to the PWBs recycling process. 
1.2.2.2.1 Vacuum pyrolysis.  Vacuum pyrolysis involves thermal degradation of  
a sample in a closed furnace under a vacuum atmosphere.  This method has been 
employed in the recycling of waste tires. The vacuum atmosphere can help to reduce the 
apparent activation energy for the process and increase the volatile pyrolytic products and 
hence decrease the secondary pyrolytic reactions because of the short residence time of 
the organic vapors in the reactor [41, 42].  Zhou et al. [15] suggested a combination of 
centrifugal separation and vacuum pyrolysis as a way of treatment of PWBs. In this 
process, waste PWBs (10–15 cm2  surface area chips) were pyrolyzed in a vacuum reactor 
and the pyrolysis residue was then heated under a vacuum to melt the solder. The molten 
solder was then separated and recovered by a centrifugation process. Fourier transform 
infrared (FT-IR) spectrometer analysis of the functional groups in the oils showed mainly 
phenols and substituted phenols.   
1.2.2.2.2 Inert pyrolysis.  Waste PWBs can be pyrolyzed in an inert atmosphere  
(nitrogen, argon, helium) under atmospheric pressure.  This process is mainly applied in a 
fixed bed reactor. The inert gas is used as a carrier gas to push the pyrolytic gas evolved 
from the pyrolysis process at a certain flow rate and prevent any secondary pyrolysis 
reactions from taking place.  Like in vacuum pyrolysis, the pyrolysis products include 
char, oil, and gas.   
  
10 
A major problem in all pyrolysis processes of waste PWBs is in the rather 
unpredictable specifications of the feed stock. The presence of hetero-atoms in polymers 
present in waste PWBs like oxygen, nitrogen, chlorine, bromine, and fluorine has been 
considered problematic [43]. This is because they influence the product quality and cause 
some operating problems [43] such as: 1) corrosion by HCl especially in the presence of 
water vapor, and  2) clogging by CaCl2.  The presence of halogenated polymers, and 
TBBA fire retardants, and the potential formation of dioxins are some of the problems 
being addressed in the following studies. 
Hall et al. [44] characterized most of the pyrolysis oils obtained from pyrolysis of 
waste PWBs in a fixed bed reactor. Most pyrolysis oils contained high concentrations of 
phenol and its derivatives including bromo-phenols.  Ash in the residue mainly consisted 
of copper, calcium, iron, nickel, zinc, and aluminum, as well as lower concentrations of 
valuable metals such as gallium, bismuth, gold and silver.  The pyrolysis gases mainly 
consisted of CO2 and CO with all of the C1-C4 alkanes and alkenes present in addition to 
inorganic halogens.   
A study conducted by Mariusz et al. [34] found that HBr is the main gaseous 
product obtained from the decomposition of TBBA (main flame retardant in waste 
PWBs). Thermodynamic considerations from the same paper indicated that heavy metal 
oxides should easily react with HBr.  Investigations on the reactivity of ZnO with 
products from thermal decomposition of TBBA indicated that HBr can brominate ZnO 
and hence produce bromine free pyrolysis gas and oil.  The conclusion from this work 
was that the use of an inorganic solid additive, ZnO, can be used to dehalogenate 
pyrolysis gases and oils obtained from the pyrolysis process.   
According to Blazso et al. [45], the thermal decomposition reactions of polymers 
are significantly altered in the presence of strong inorganic bases.  Pyrolysis results 
showed depression in the formation of brominated phenols and enhancement of bromo-
methane evolution.   
 
1.2.3. Hydrometallurgical.  Hydrometallurgy is part of the field of extractive  
metallurgy involving the use of aqueous chemistry for the recovery of metals from ores, 
concentrates, and recycled or residual materials.  Hydrometallurgy is typically divided 
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into three general steps: leaching (or bioleaching), solution concentration and 
purification, and metal recovery [16].  A number of hydrometallurgical approaches have 
been suggested in the literature [14, 46-49] for the recovery of metals from waste PWBs.   
Cui et al. [16] discussed the advantages of hydrometallurgical PWBs recycling 
over conventional pyrometallurgical methods like pyrolysis and combustion.  
Hydrometallurgical processes are more exact, more predictable, and easily controlled 
compared to their pyrometallurgical alternatives [47].  However, pyrometallurgical PWB 
recycling requires a high consumption of energy.  It also cannot efficiently recover 
precious metals; and, the smelter feed contains the halogenated flame retardants which 
can lead to formation of dioxins and furans [49].   
Ilyas et al. [49] studied the column bioleaching feasibility of metals from 
electronic scrap by selecting moderately thermophilic strains of a mixed group of 
acidophilic chemolothotrophic and acidophilic heterotrophic bacteria. The leaching 
process included acid pre-leaching of 27 days followed by bioleaching for 280 days with 
a recovery of about 80% Zn, 64% Al, 86% Cu and 74% Ni.   
Zhu et al. [50] investigated the effects of initial pH, initial Fe(II) concentration, 
metal concentrate dosage, particle size, and inoculation on the bioleaching process of 
waste PWBs.  Under optimized conditions of an initial pH 2.0, 12 g/L initial Fe(II), and 
12 g/L metal concentrate dosage, a 96.8% copper leaching efficiency was achieved in 45 
h, with Al and Zn efficiencies of 88.2% and 91.6% in 98 h, respectively.  
Ilyas et al. [49] and Zhu et al. [51] studies indicate that even in cases where 
bioleaching as a recycling method for waste PWBs is feasible, the process has slow 
kinetics in addition to complications like bacteria poisoning, which is a traditional 
problem in bioleaching processes. 
Luyima et al. [8] discussed the possibility of recovery of the metals contained in 
waste PWBs by a leaching process. HNO3 and HNO3/HCl acid (aqua regia) were used to 
study the effects of acid concentration, particle size, temperature, and time on the 
leaching behavior of waste PWB metals.  Further analysis by sequential leaching using 
nitric and aqua regia proved to be the most effective way of leaching of most metals from 
waste PWBs.  Most of the base metals (Cu, Zn, Ni, Pb, and Fe) were leached in 45 min. 
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with a 3 M HNO3 acid at 80 
o
C and 150 rpm shaking rate.  The results showed fast 
kinetics compared to those from Ilyas et al. [49] and Zhu et al. [51].   
Kim et al. [14] investigated the leaching behavior of Cu, Zn, Pb and Sn from 
waste PWBs using electro-generated chlorine in hydrochloric acid solution. It was 
observed that the leaching rate of the metals increased with increases in current density, 
temperature, and time.  Furthermore, the metal composition of waste PWBs is very 
extensive and complex. It has been reported that waste PWBs contain in excess of twenty 
different metals [8]. This is a complex system which needs extensive research if most of 
the metal content is to be recovered in an economically feasible manner.   
 
 
1.3. STATEMENT OF PURPOSE OF STUDY 
This study is aimed at developing improved methods of the recycling of waste 
PWBs by pyrolysis and leaching methods.  Specifically, this study is aimed to:  
1. Reduce the amount of toxic bromine compounds (especially HBr) evolved during the 
pyrolysis of waste PWBs by using inorganic chemical additives.   
2. Determine the feasibility of recovery of bromine free oils from waste PWB pyrolysis.   
3. Determine the mechanisms involved in the pyrolysis of waste PWBs.   
4. Recover most of the metal content of waste PWBs by leaching with different leaching 
reagents.   
5. Understand the kinetics and leaching behavior of waste PWBs.   
 
 
1.4. SIGNIFICANCE OF THE STUDY 
The research was intended to enrich and upgrade the understanding of the 
pyrolysis and leaching processes with regards to waste PWBs recycling.  Moreover, this 
study addressed one of the major challenges of the pyrolysis process as a recycling 
technique of waste PWBs: i.e. providing experimental data in support of control of toxic 
gas emission evolved from pyrolysis of waste PWBs.  Additionally, this study has 
provided comprehensive data on the feasibility of using pyrolysis and leaching methods 
in e-waste (PWBs) treatment.   
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1.5. SCOPE OF THE STUDY  
This study was limited to the pyrolysis of waste PWBs in a tube furnace and the 
leaching of pyrolyzed and un-pyrolyzed PWBs.  Pyrolysis and leaching processes were 
chosen as the recycling techniques for this research with the aim of improving these 
processes.   
There were a number of preliminary experiments carried out to study the kinetics 
of pyrolysis of PWBs. The choice of the parameters was based on published literature [18, 
29, 32, 52, 53]. The TG-DTA and TG-DSC study involved determination of kinetic 
parameters (apparent kinetic energy, pre-exponential factor, reaction orders, and 
degradation temperature).  TG-DTA-MS experiments were completed to determine 
evolved gases during pyrolysis of waste PWBs under different conditions. 
Preliminary information from TG-DTA-MS experiments was used to design 
pyrolysis experiments in a larger scale (tube furnace) and this study involved crushed and 
mechanically screened waste PWBs.  Large particle size PWB (>630 microns) was used 
for these experiments because preliminary C, H, and N tests indicated that they contained 
the largest fraction of carbon containing materials (polymers), which are potential oil 
sources.   
Finally, leaching experiments were performed on the small particle size fraction 
of PWB after mechanical pre-treatment process with the aim of recovering most of the 
metal content of waste PWBs. 
 
1.6. METHODOLOGY 
This research was conducted to assess the possibility of recycling of waste PWBs 
using pyrolysis and leaching techniques.  The focus of the study was on reducing the 
amount of HBr gas from pyrolysis process and recovery of the metal content from waste 
PWBs by leaching.   
This chapter is divided into four major sections.  First, FactSage simulation to 
predict gaseous and solid products from degradation (pyrolysis) of waste PWBs.  Second, 
degradation of waste PWBs in TG-DTA/DSC-MS (small scale) to describe the 
mechanism involved in the degradation of waste PWBs and identification of gases given 
off during pyrolysis process.  Third, pyrolysis of waste PWBs in a tube furnace.  This 
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section describes the effect of adding inorganic chemicals to PWB feed to control 
bromine compounds in the evolved gas from the pyrolysis process.  Finally, the fourth 
section deals with recovery of metals from waste PWB by leaching.   
1.6.1. FactSage® 6.3.1 Thermo-chemical Simulations.  This work has been  
done using thermodynamic simulation software to predict the gaseous and solid product 
distribution during the pyrolysis process at equilibrium.   
The elemental composition of waste PWB (Table 1.1) published by Chien et al. [9] 
is among the most accurate and has been used in the current simulation.  A weight basis 
of 100 g of waste PWB was used in the simulation.  The computation was done for PWB 
with no chemical additives in the feed stream to determine the gas composition from 
waste PWB pyrolysis at equilibrium.  Similar calculations were repeated with additions 
of CaO, CaCO3, Fe2O3, and Al2O3 in the PWB feed and the evolved gas composition 
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1.6.2. Small Scale Pyrolysis in TG-DTA-MS.  Waste PWB samples from 
personal computers were manually sorted, crushed using a DSL-158 disintegrator, and 
finally milled with a DSL-115 disintegrator.  The milled sample was then separated into 
different size fractions using screen analysis: 0-125, 125-315, 315-630, and >630 µm.  
Samples from screen analysis were subjected to linear heating rates in NETZSCH STA 
409 CD TG-DTA instrument connected to NETZSCH QMS 403 C mass spectrometer 
(MS) in temperature range of 298-1173 K  Argon was used as the purge gas at different 
flow rates. The heating rate during the pyrolysis experiments was varied to check the 
effect on kinetics of PWB degradation.  The evolved gases during pyrolysis experiments 
were analyzed by an online mass spectrometer.  In order to control the composition of 
evolved gas from the pyrolysis experiments, inorganic chemical additives (CaO, CaCO3, 
Fe2O3, Al2O3, ZSM-5, and Y-zeolite) were added to the waste PWB feed.   
1.6.3. Large Scale Pyrolysis in Tube Furnace.  In order to understand the 
characteristics and type of products given off during pyrolysis of waste PWBs, larger 
amounts of feed were studied. This was performed in a high temperature tube furnace, 
STT-1200-3.5”-12”-QZ, purchased from Sentro Tech Corp. in the United States.   
Waste PWBs (>630 µm) were chosen for pyrolysis in the tube furnace (large 
scale).  This is because the large size fraction range of shredded PWB contains most of 
the polymers.  Figure 1.3 shows the schematic diagram of the tube furnace used in the 
current study.   
Waste PWB Powder samples (50 – 100 g) were placed in alumina crucibles and 
transferred into the quartz tube furnace. After sealing the furnace, argon was input at a 
rate of 200 ml/min.  Samples were subjected to a linear heating rate (15 
o
C/min) with the 
final pyrolysis temperature of 900 
o
C (1173 K). Samples were held at this temperature for 
120 min.  The evolved gases from pyrolysis reactions in the furnace were passed through 
a condenser with running tap water and then through a series of five borosilicate glass 
cold traps  surrounded by ice/water mixture. Some gases condensed into liquid in these 
traps. 
The non-condensed gas was bubbled through a series of two flat bottomed flasks 
with 2 M sodium hydroxide to trap any acidic gas present. The non-reactive gases were 
released to the fume hood.   
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The experiments were repeated with the addition of inorganic chemical additives 













Figure 1.3.  Schematic Representation of the High Temperature Tube Furnace Used in 




The additives were commercial products purchased from Sigma Aldrich. They 
included: CaO, CaCO3, Fe2O3, Al2O3, ZSM-5, and Y-zeolite.  The ratio of waste PWB to 
inorganic chemical additive was varied in the feed. This was done in order to find the 
best PWB: additive ratio that produces the least amount of toxic bromine gases.  It is also 
important to note that lower amounts of additive results into less operating costs for an 
industrial waste PWB treatment plant.  Pyrolysis oils from the high temperature tube 
furnace experiments were characterized by ICP-MS, GC-MS and FT-IR.   
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1.6.4. Leaching of Waste PWBs.  Waste PWBs (0-125 and 125-315 µm) 
contained almost all the metals found in waste PWBs. The large size fractions range 
mainly polymers.  Therefore, 0-125 and 125-315 µm size fractions were chosen for 
leaching studies.  Leaching experiments were carried out in 50 mL disposable metal free-
propylene vessels with hinged caps, at different leachate concentrations (0.05-6 M), acid 
types (HNO3, HCl, HNO3-HCl, and SC(NH2)2), and at three different temperatures (25, 
40, and 80 
o
C). A hot-block digestion system equilibrated at a desired temperature was 
used to control the leaching temperature.  Waste PWBs (0.1 – 0.8 g) were added to a 
given volume (12.5 – 50) of a given leachate of a given concentration (0.05 – 6 M) in a 
digestion vessel. Leaching experiments were at different temperatures, times, lixiviant 
concentrations, and liquid-to-solid ratios.  An Elan DRCe ICP-MS instrument (SCIEX, 
Perkin Elmer) equipped with a cyclonic spray chamber/Meinhard nebulizer/Pt cones was 
used for analysis.   
 
1.7. SUMMARY OF PAPERS 
Detailed results from this research are included in ensuing chapters of this thesis, 
which is made up of five manuscripts. The following is a summary of the results in the 
various manuscripts. 
 Paper I (Chapter 2) reports the kinetics of the thermal degradation (pyrolysis) of 
waste printed wiring boards.  This paper reports preliminary work that was done on 
the characterization of waste PWBs.  The maximum reaction rate was found to occur 
at approximately 450 
o
C. It has also been shown from waste PWB thermal 
degradation data that the non-isothermal kinetic models by Friedman, Flynn-Wall-
Ozawa (FWO), and Kissinger used in polymer degradation studies are applicable to 
waste PWBs degradation at temperatures below 400 
o
C.  A good correlation was 
obtained when waste PWBs pyrolysis data was fitted to the Jander three dimensional 
diffusion model (D3) with a an activation energy of approximately 176 kJ/mol and 




 in the conversion range of 
approximately 0.2 – 0.4.  The kinetic degradation results were similar to those 
obtained in the pyrolysis studies of waste plastics in literature. This paper was 
published in JOM. 
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 Paper II (Chapter 3) reports preliminary work done on the control of toxic gases 
evolved during thermal degradation of waste PWBs in a TG-DTA.  Waste PWBs 
were heated at 15 
o
C/min from 25 to 900 
o
C.  The kinetics of reduction of the amount 
of toxic and pollutant gases evolved during waste PWB pyrolysis with chemical 
additives were examined.  The mass spectrometer data for each PWB sample were 
examined as a function of temperature and the particular mass/charge (m/z) ratios 
were associated with mass loss steps in the TG data.  The degradation of the polymer 
content of waste PWB materials were characterized by m/z ratios = 22, 16, 18, 26, 28, 
30, 36, 40, 44, 54, 56, 58, 65, 71, 78, 81, 92, 95, 160, 207, and 228.  Preliminary 
observations from this work were applied in the study of total bromine reduction 
during the pyrolysis of waste PWBs at large scale in a tube furnace. This preliminary 
data was published in the 2012 TMS Extraction and Processing Division (EPD) 
Congress Proceedings.  
 Paper III (Chapter 4) presents a comprehensive study on the control and reduction of 
HBr and other pollutant gases evolved during waste PWB pyrolysis by adding 
inorganic chemical additives to waste PWBs feed.  It has been shown that CaO, 
CaCO3, Fe2O3, Y-zeolite, and ZSM-5 are capable of suppressing HBr gas evolution 
during the thermal decomposition of waste PWBs.  Moreover, CaO and CaCO3 were 
found to be the most effective additions with greater than 90% reduction in total Br 
evolved as gas during pyrolysis which approached a bromine free pyrolysis gas that 
could be used as a fuel.  The additives used here were mixed with waste PWB before 
pyrolysis with the aim of using them as both absorbers and reagents to react with HBr 
and reduce its concentration in the gas stream.  Other techniques like the use of 
additives up-stream as scrubbers (after gasification of waste PWB) to remove HBr 
from gas stream were not examined and may be interesting in future research works.  
Finally, according to equilibrium thermodynamic calculations and experimental 
results, it was suggested that the mechanism by which HBr is reduced in gas stream 
during pyrolysis of waste PWB-additive mixtures is by reaction and absorption.  
However, XRD analysis of pyrolysis residue products were not conclusive and more 
future work is needed to confirm these mechanisms. This manuscript is going to be 
submitted to the Journal of Analytical and Applied Pyrolysis. 
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 Paper IV (Chapter 5) is preliminary results obtained from leaching of waste PWBs. 
This paper was published in JOM as an initial look at the leaching behavior of most 
metals contained in waste PWBs.  Most of the research in the recovery of metals from 
waste PWB had focused on a few metal elements like Cu, Sn, and Pb.  This paper 
presented metal leaching data (with nitric acid and aqua regia) for most metals 
contained in waste PWBs.  Moreover, it was shown that the sequential leaching of 
metals contained in waste printed wiring boards using nitric and aqua regia is capable 
of recovery of base and precious metals separately.   
 Paper V (Chapter 6) is a comprehensive manuscript detailing the leaching behavior of 
metals contained in waste PWBs with the aim of recovering them with 
hydrometallurgical techniques. It also elucidates the complexity of the pregnant leach 
solution from waste PWBs leaching process. Moreover, the different chemical and 
physical factors and how they affect the leach solution from the PWBs leaching 
process is discussed.  Finally, kinetic data has been presented in support of the 
sequential leaching of metals contained in waste PWBs with aim of achieving 
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The non-isothermal pyrolysis of waste printed wiring boards (PWBs) was 
investigated by simultaneous thermogravimetric and differential thermal analysis (TG-
DTA) methods in the temperature range of 298 – 1,173 K. Pyrolysis experiments were 
carried out on waste PWBs samples at three different heating rates of 10, 20, and 30 
o
C/min. Kinetic parameters for waste PWB pyrolysis has been estimated using model free 




The electronics industry is the world’s largest and fastest growing manufacturing 
sector, and as a consequence of this growth, electrical and electronic waste (e-waste), 
such as computers, printers, mobile phones, television sets, stereos, radios, etc., is 
generated in large quantities around the world. Printed wiring boards (PWBs) are a 
common component of most electronic systems built for home, commercial and military 
applications [1]. The rapid development and expansion of the electronics industry over 
the past several decades have led to a dramatic increase in the production of PWBs and a 
corresponding increase in the amount of waste generated from both production and 
disposal. The environmental impacts of the treatment and recycling of waste PWBs waste 
have become a major concern [1, 2]. PWBs are particularly problematic to recycle 
because of the heterogeneous mix of organic material, metals, and glass fiber [1]. One of 
the most promising recycling processes of waste PWBs is thermal degradation (also 
referred to as pyrolysis). This method obtains gas or liquid-phase combustible fuel by 
heating polymers in PWBs in the absence of oxygen [1]. The objectives of thermal 
degradation of waste PWBs include waste recycling for material recovery, pollution 
prevention by reducing waste PWBs going to landfill and potential recovery of energy in 
the form of pyrolysis oil. There has been a lot of research studies on thermal degradation 
of PWBs [1, 2]. However, chemical reaction kinetics remains one of the least investigated 
aspects of waste PWBs pyrolysis. Limited kinetic data is available in the literature on the 
rates and nature of degradation reactions. 
Thermogravimetric analysis (TGA) is a technique for studying the primary 
reactions in the decomposition of solids and has been widely applied to study the 
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decomposition of waste PWBs [3]. The results obtained can help to provide information 
on the composition of samples, orders of reactions and a number of different processes 
taking place in the reaction, and the corresponding kinetic constants. Kinetic information 
is very beneficial in the design of pyrolytic equipment; it is necessary to know the 
activation energy and the rate of thermal decomposition of PWBs under pyrolysis 
conditions.  
In the current study, thermal degradation of waste PWBs was studied using 
conventional thermogravimetric analysis. The kinetic parameters were obtained using 




TGA presents weight changes relative to the temperature. In this study, Friedman, 
Flynn-Wall-Ozawa, Kissinger and Coats-Redfern methods have been used to explain the 
thermal degradation through obtaining the activation energy, frequency factor, and 
reaction order for the thermal degradation of waste PWB samples. The following 
symbols are used: apparent activation energy, Ea; pre-exponential factor, A (min
-1
); 
reaction orders, n and m; gas constant, R (8.314 J/mol.K); absolute temperature, T,(K); 
temperature at maximum conversion rate, Tm; time, t (min); degree of conversion, α; 
heating rate, β (oC/min); intergral kinetic model, g(α); and differential kinetic model, f(α). 
The reaction rate in TGA studies can be defined as the variation of degree of conversion 













                 (1) 
 
where Wo, Wt, Wf  are the weights of sample at beginning, actual weight at each point of 
the curve and the final weight measured after a specific degradation process considered 
respectively. Generally, the reaction rate (dα/dt) of degradation is proportional to the 
concentration of the reactant [4, 5] as shown in Equation 2. 
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                 (2) 
 
where f(α) = function of conversion and k(T) = rate constant (min-1). Equation 2 
expresses the rate of conversion (dα/dt) at constant temperature (T) as functions of the 
reactant f(α) and the reaction rate constant (k). In the case of polymer degradation, it is 
usual to assume that the rate of conversion is proportional to the  
concentration of the material which remains to react; [3, 5] 
 
( ) (1 )nf                    (3) 
 
Where n = reaction order. The function in Equation 3 is used in polymer degradation 
kinetics where a solid material is decomposing to give gaseous products. Additionally, 
the temperature dependence of the rate constant k(T) is by Arrhenius Expression 4: 
 
/aE RTk Ae
                  (4) 
 




E RTnd A e
dt

                  (5) 
 
The kinetic analysis methods used for the thermal degradation of polymers based on 
Equation 5 are summarized in Table I. 
Friedman’s method is the most general derivative technique and is based on the 
inter-comparison of rates of weight loss (dα/dt) for a given conversion, α is determined 
by using different linear heating rates β [5]. However, like all such methods, the 
Friedman method suffers from inherent errors arising from dα/dt values [6]. From the 
Friedman relation given in Table I, it is possible to obtain a numerical value of the 
apparent activation energy over a wide range of conversions by plotting ln(dα/dt) against 




Table I. Summary of the Approaches used for the Determination of Apparent 
Activation Energy for Thermal degradation of PWBs [4] 
Method Equation x-axis y-axis 
Friedman [4] 
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The Flynn-Wall-Ozawa (FWO) technique offers a simple way of determining 
apparent activation energies directly from weight losses versus temperature data obtained 
at several linear heating rates. Ea can be obtained from a plot of ln(β) against 1/T for a 
fixed α.  
If the temperature rises during the reaction, the reaction rate dα/dt will rise to a 
maximum value, then return to zero as the reactant is exhausted. The maximum rate 
occurs when d
2α/dt2 is zero. If the temperature rises at a constant heating rate β, based on 
the differentiation of Equation 5, the maximum rate occurs at Tm by setting d
2α/dt2 to zero.  
For a first order reaction, the Kissinger method is derived. It allows the determination of 
the Ea for the degradation process by plotting ln(β/T
2
m) versus 1/Tm. Tm is the temperature 
corresponding to the maximum reaction rate i.e. DTG or DTA peak [8, 9].   
Coats and Redfern developed an integral method, which can be applied to 
TG/DTG data. A plot of ln[g(α)/T2] versus 1/T gives Ea and A from the slope and 
intercept of the curve respectively. The model that gives the best linear fit is selected as 






Waste PWB powder samples (20±2 mg) were degraded in a Seiko EXSTAR 6300 
TG-DTA instrument in the temperature range from 298 to 1,173 K. Argon was used in 
the experiments as the purge gas to avoid any combustion reactions. Waste PWB samples 
were decomposed under the argon flowing at rates of 50, 75, 100, 125 and 150 ml/min. at 
various heating rates:
 
10, 20 and 30 
o
C/min, in the temperature range 298 – 1,173 K. The 
sample was kept at 1,173 K for 120 min., after which the sample was left to cool 
naturally to room temperature. In all the experiments, one condition was varied while 
keeping all others (flow rate, heating rate, etc.) constant. In order to keep the initial mass, 
temperature and atmosphere in a steady condition, pre-purging of TG-DTA equipment 
was done for 30 min. 
 
RESULTS AND DISCUSSION 
 
The results of TG-DTG analysis of PWBs during degradation at 50 ml/min argon 
with different constant heating rates are shown in Figure 1a. The DTG plot of this data 
indicates a single stage of weight loss during the pyrolysis process. Inspection of the 
DTG peaks indicates an exothermic peak for all heating rates and argon gas flow rates 
considered in the temperature range of approximately 670 – 690 K. Moreover, there is a 
residue of approximately 10 – 30 wt. % left after completion of pyrolysis process. This 
mainly consists of metals and ceramics. Similar TG results at 75, 100, 125, and 150 
ml/min of argon were obtained. 
Figure 1b shows the TG and DTA peaks of PWB pyrolysis at 10 
o
C/min and 50 
ml/min. argon flow rate. The DTA curve shows a series of exothermic DTA peaks which 
merge into one peak in the entire mass loss range. This means that the DTA peak 

















































































        a                                                                                    b 
Figure 1. (a). TG and DTG curves for PWBs pyrolysis at different heating rates. (b). 
TG and DTA curves for PWBs pyrolysis at 10 
o
C/min. and 50 mL/min. 
 
 
Conversion results calculated from dynamic TG tests at different heating rates and 
a constant gas flow rate are given in Figure 2. The data is represented in the form of 
conversion as a function of temperature. As expected, the conversion curves shifted to 
higher temperatures at higher heating rates with a few exceptions. The α – T curves were 
similar for all conditions studied and had a characteristic sigmoid shape. 
 
 


























Determination of the Activation Energy for Waste PWB Degradation 
 
The determination of the kinetic parameters for PWBs degradation was carried 
out using several of the kinetic models previously introduced (Table I). The linearity of 
Friedman and FWO plots (Figures 3 – 4) for different values of α (0.1 – 0.4) obtained 
from dynamic tests suggest the validity of this approach for the lower temperature range 
of waste PWB pyrolysis (300 – 670 K). However, at T > 670 K, the Friedman and FWO 
plots were not linear. This was true for all argon gas flow rates used. This may be due to 
the fact these methods were developed for polymer degradation. In the present study, 
waste PWBs contains other materials (metals and ceramics) in addition to polymers. 
Hence a possible mechanism change at higher temperatures when all the polymer content 






































Figure 3. Application of Friedman method. 
 
 
Application of the Kissinger method yielded linear plots for all the argon gas flow 
rates considered in this study. It is however important to note that the Kissinger method 
uses peak temperatures, and hence may not detect any complexities of the degradation 
mechanism of waste PWBs. Moreover, it assumes that the DTG peak appears at same 
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temperature as the DTA/DSC peaks. The different activation energies calculated using 













































 50 ml/min. Ar
 75 ml/min. Ar
 100 ml/min. Ar
 125 ml/min.Ar


















From the results of the apparent activation energies, it is clear that the Kissinger 
method gave better linear correlations compared to other methods. It is important to note 
that the most consistent results were obtained for experiments with the highest argon 
purge gas flowrate (150 ml/min.). The average activation energies for the lower 










Friedman FWO Kissinger 
50 0.1 189 129  
 0.2 269 181  
 0.3 231 198  
 0.4 42 276  
Average – 183 196 245 
75 0.1 86 80  
 0.2 176 135  
 0.3 168 149  
 0.4 96 154  
Average – 132 130 199 
100 0.1 152 160  
 0.2 200 185  
 0.3 – –  
 0.4 230 198  
Average – 194 181 170 
125 0.1 216 154  
 0.2 206 185  
 0.3 197 146  
 0.4 181 151  
Average – 200 159 167 
150 0.1 109 98  
 0.2 170 160  
 0.3 186 146  
 0.4 173 151  
Average – 160 139 188 
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Figure 6 indicates the variation of Ea with α. It can be seen that the activation 
energy has three regions: the first region, (α < 0.2), shows small initial Ea which then 
increases at α ~ 0.2 and then remains almost constant up to α ~ 0.4. This activation 
change shows that the PWB degradation process may be indeed a multistage and 
complex process instead of a single stage degradation interpretation from a single DTG 
peak. This is because a DTG peak simply indicates the temperature of maximum reaction 
rate and may not necessarily indicate a change in mechanism.  At α > 0.4, the Ea trend 
becomes unpredictable and this may indicate a time during the process when all waste 
PWBs polymers have been degraded leaving behind only char, metals and ceramics.  
 
 


















Figure 6. Dependence of Ea on α. 
 
 
Determination of the Kinetic Model for Waste PWB pyrolysis at Lower Conversions 
 
The Coats and Redfern method initially introduced in Table I includes g(α) and 
can be used to determine the mechanism for the solid state reactions. The model which 
gives the best linear plot indicates the mechanism of the degradation process. Figure 7 
shows the plots of ln[g(α)/T2] against 1/T for different models using values from Figure 2. 
From comparison of linear regression coefficients of different models (Figure 8) in the 
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conversion range of 0.2 – 0.4, D3 (Jander three dimensional diffusion model) had the best 
linear plot and hence is the best model for explaining waste PWBs pyrolysis in the 
specified conversion range and experimental conditions studied. Moreover, the activation 
energy was 176 kJ/mol. using the D3 model, similar to the results obtained using the 
model free method of FWO and those published in the literature [10]. The pre-











































































































Figure 8. Plots of ln[g(α)/T2] versus 1/T for different models in the conversion,  






The kinetic models by Friedman, Flynn-Wall-Ozawa (FWO), and Kissinger 
developed for polymer degradation are applicable to waste PWBs degradation at 
temperatures less than 670 K. However, these models are not applicable at higher 
temperatures in waste PWBs degradation. This is shown by the non-linearity of their 
plots. The average apparent activation energies obtained over the whole composition 
range from the Friedman, FWO and Kissinger methods at 150 ml/min argon flow rate 
were 168, 166 and 188 kJ/mol., respectively. This is in the range of expected values. 
Waste PWBs pyrolysis fits the Jander three dimensional diffusion model, D3 with a pre-




in the conversion range of ~0.2–0.4. The kinetic 
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The gases evolved during the pyrolysis of waste printed wiring boards (PWBs) 
has been studied using simultaneous thermogravimetric and differential thermal analyzer 
coupled with a mass spectrometer (TG-DTA-MS) at 15 
o
C/min in the temperature range 
of 25–900 oC. The kinetics of reducing the amount of toxic and pollutant gases evolved 
during waste PWB pyrolysis with chemical additives were examined. The mass 
spectrometer data for each PWB sample were examined as a function of temperature and 
particular mass-to-charge (m/z) values could be associated with the mass loss steps in the 
TG data. The degradation of the polymer content of waste PWB materials were 
characterized by m/z ratios = 22, 16, 18, 26, 28, 30, 36, 40, 44, 54, 56, 58, 65, 71, 78, 81, 
92, 95, 160, 207, and 228 for the different evolved gaseous species.  
The selective inhibition of toxic HBr gas while maintaining the evolution of 
energy rich pyrolysis gas like CH4, H2, CO, H2O, etc. makes CaO and CaCO3 potential 
additives for use in the reduction of toxic HBr during waste PWB pyrolysis. The 
possibility of controlling other pollutant pyrolysis gases like Br2, Cl2, and HCl has also 
been discussed. 
 
1. Introduction  
 
The standard of living in developed and developing countries has generally been 
on an upward trend in the last few decades. This, combined with the rapid technological 
advancement of the electronic industry has created an explosion of electronic waste (e-
waste) [1]. According to the U.S. Environmental Protection Agency (EPA), consumer 
electronics—including television sets, other video equipment, computers, assorted 
peripherals, audio equipment, and phones comprise approximately 1 – 2% of percent of 
the municipal solid waste [2]. Walsh et al. [3] reported that e-waste was the fastest 
growing part of solid waste in the U.S. According to Dalrymple et al. [4], printed wiring 
(circuit) boards (PWBs)—a critical fraction of e-waste, represents approximately 3% by 
weight of all e-waste. 
PWBs are particularly interesting because of their complex and heterogeneous 
composition. They are made up of base metals (Cu, Pb, Cd, Sn, Al, Ti, etc.), precious 
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metals (Au, Ag, etc.), platinum group metals (Pd, Pt, etc.), polymers (polypropylene, 
polystyrene, polyester, epoxy, polyvinyl chloride, etc.) and ceramics (SiO2, Al2O3, MgO, 
CaO, etc.) [5]. With decreasing natural reserves of petroleum and natural gas, the 
decomposition of polymers contained in waste PWBs into fuel represents a sustainable 
way for the recovery of the organic content of the polymeric waste and also preserves 
valuable petroleum resources in addition to protecting the environment [6].  
Pyrolysis is the most common thermal decomposition method applied in the 
recycling of waste plastics (polymers). This method obtains gas or liquid-phase 
combustible fuel (pyrolysis oil) by heating polymers in PWBs in the absence of oxygen 
[7]. However, waste PWB polymers contain the highly toxic halogenated flame 
retardants (HFRs), most of which are of bromine nature [6]. Pyrolysis of this kind of 
waste PWB polymers yields pyrolysis oil contaminated with bromine, chlorine, etc. 
Moreover, the pyrolysis effluent gas contains toxic gases like HBr, HCl, dioxins, and 
furans.  Therefore to make the pyrolysis process commercially acceptable, 
dehalogenation of pyrolysis products of waste PWBs is essential.  
Blazso et al. [8] investigated pyrolysis of electronic waste in a pyroprobe 120 
pyrolyzer with strong inorganic bases with the aim of de-brominating contained flame 
retarded polymers. Product analysis revealed that, the decomposition reactions were 
significantly altered in the presence of the inorganic bases. Brominated epoxy resins 
pyrolyzed with sodium hydroxide depressed brominated phenol formation.  
Lai et al. [9] studied the high-temperature pyrolysis of waste PWBs in a melting 
furnace with the aim of inhibition of polybrominated dibenzo-p-dioxin (PBDDs) and 
dibenzofuran (PBDFs) formation. He reported that the addition of CaO to pyrolysis 
process inhibits more than 90% of PBDD/F sysnthesis.  
Thermogravimetric (TG), differential thermal analysis (DTA), and mass 
spectrometry (MS) are some of the techniques applied to studying the primary reactions 
in the decomposition of solids and waste and have been widely applied to study the 
decomposition of PWBs wastes [10-13]. The results obtained can help to provide 
information on the composition of samples, orders of reactions and a number of different 
processes taking place during the reaction, and the corresponding kinetic constants. 
Kinetic information is very beneficial in the design of pyrolytic equipment—it is 
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necessary to know the activation energy and the rate of thermal decomposition of PWBs 
under pyrolysis conditions.  
Cheng et al. [13] investigated the evolved gaseous species from the thermal 
treatment of general house hold waste using TG-MS combined with Fourier transform 
infrared spectrometer (FTIR). Madarasz et al. [10] used TG-DTA-MS and TG-FTIR to 
monitor the gases evolved from thermal treatment of magnesium nitrate hexahydrate.  
In the current work, pyrolysis of waste PWBs was studied using conventional TG-
DTA-MS analytical technique. The effect of addition of inorganic chemical additives 
(CaO, CaCO3, Fe2O3, Y-Zeolite, ZSM-5, and Al2O3) to the waste PWBs during pyrolysis 
on the emission of pollutant gases like HBr, HCl, Br2, Cl2, CH3Br, and bisphenol A 
(BPA) is discussed. ZSM-5 is Zeolite Socony Mobil-5. 
 
2. Experimental  
 
2.1 Materials and composition 
 
Waste PWBs from obsolete personal computers were manually sorted, crushed 
using DSL-158 disintegrator and finally milled with DSL 115 disintegrator. The milled 
sample was then separated into different fractions by screen analysis: 0–125, 125–315, 
315–630, and >630 µm. Particle sizes 0–125 and 125–315 µm were mainly metals [14] 
and most of the plastics (polymers) had a particle size greater than 315 µm. The powder 
inorganic chemical additives (CaO, CaCO3, Fe2O3, Al2O3, ZSM-5, and Y-zeolite), with 
purities of 97%+ were laboratory chemicals purchased from Fisher Scientific. 
Elemental analyses (CHN) of the samples were performed using Perkin Elmer 
2400 model CHN analyzer (see Table 1). 
 
Table 1. CHN composition (wt. %) of waste PWBs used. 
Particle size 
(µm) 
C H N 
0–125 22.44 2.09 1.39 
125–315 32.25 4.69 2.32 
315–630 41.89 5.83 0.45 





2.2 Thermal degradation of waste PWB 
 
Waste powder samples (15±1 mg) of PWBs were degraded in NETZSCH STA 
409 CD TG-DTA instrument connected to a NETZSCH QMS 403 C mass spectrometer 
(MS) in the temperature range of 25–900 oC. Argon was used in the experiments as the 
purge gas to avoid any combustion reactions. Printed wiring board (PWB) samples were 
decomposed under argon flowing at rates of 150 ml min
-1





The sample was kept at 900 
o
C for 120 min., after which the sample was left to cool 
naturally to room temperature. The experiments were repeated with PWBs mixed with 
different powder additives (CaO, CaCO3, Fe2O3, Y-Zeolite, ZSM-5, and Al2O3). In order 
to standardize the initial mass, temperature and atmosphere, TG-DTA equipment was 
pre-purged for 30 min. Additives were used to control toxic substances evolving from the 
pyrolysis process, and to enhance the pyrolysis reaction. The additives were mixed with 
PWBs powders in several weight ratios to check the optimum weight ratio for inhibition 
of pollutant gases. 
 
3. Results and discussion  
 
3.1 Pyrolysis without inorganic chemical additives 
 
Figure 1 shows the TG-DTA data obtained from the decomposition of waste 
PWBs without chemical additives between 25–900 oC. The waste PWB samples start to 
decompose at approximately 100 
o
C and the maximum reaction rate was achieved 
between 300–400 oC. It is apparent from the TG curve that there was a single continuous 
mass loss over the entire temperature range studied. This TG curve is similar to those 
obtained in single step reaction processes [15, 16]. The DTA curve of the same sample 
shows that there is no clear sharp peaks for the entire mass loss range. Moreover, the 
DTA curve peak during pyrolysis was very complicated, broad and lasted the entire 
temperature range studied. This means that thermal degradation of waste PWBs is not a 
simple single stage process as the TG curve seems to indicate but rather a complicated 
multi-step process [17]. In fact, a close look at the TG curve shows multiple weight loss 
steps. This is not clear owing to the low resolution (overlapped) steps. 
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The waste PWB residue left after experiment was approximately 40% of the 
original weight. This shows that the waste PWB used in the current study contained 
approximately 60% polymers, the rest being the metallic and oxide fraction. The TG 
results are consistent with composition results in Table 1 obtained from the Perkin Elmer 
2400 model CHN analyzer.  
It has been reported that polypropylene, high density polyethylene, polystyrene, 
terephthalic acid from poly(ethylene terephthalate), epoxy resins, and brominated flame 
retardants (all found in waste PWBs) degrade at approximately 170, 195, 230, 300, 280, 
and 390 
o
C respectively [12]. It can therefore be deduced that since most of the weight 
loss occurred between 100–400 oC, the waste PWB used possibly contained a mixture of 
these polymers.  
 















































Figure 1. TG-DTA curves of waste PWBs (>630 µm) pyrolysis without chemical 
additive. 
 
3.2 Gaseous products from thermal degradation of waste PWBs without additives 
 
The evolution of gaseous species has been followed using an online MS 
(connected to TG-DTA) system. The evolution of gaseous species can be identified 
according to their characteristic ion fragments [10]. The evolution curves of ion-
fragments of various gases released in argon are shown in Figure 2. The possible evolved 























































































































Figure 2. MS spectrum of evolved gaseous species from waste PWBs (>630 µm) 
pyrolysis in TG-DTA-MS. 
 
It is important to note that MS data measures the mass-to-charge ratios and has 
limits when determining isomers [13]. The mass-to-charge ratios (m/z = 2, 16, 18, 26, 28, 
30, 36, 40, 44, 54, 56, 58, 65, 71, 78, 81, 92, 95, 160, 207, and 228) were used to identify 
the possible gaseous species evolved. One example of this is the ion fragment of m/z 
equal to 81 is HBr.  
Figure 2 shows that the most abundant gaseous product from thermal degradation 
of waste PWBs is CO, followed by CH4, and H2O and the rest. Among the halogen gases, 
HCl has the highest activity followed by HBr, Cl2, and finally Br2. 
 
3.3 Gaseous products from thermal degradation of waste PWBs with additives 
 
Figure 3a shows the mass loss fraction with temperature for the various waste 
PWBs–inorganic oxide mixtures. The TG curve for waste PWB without additive is 
similar to those reported by Luda et al. [16] and Terakado et al. [18]. The reaction 
temperature which involves the release of most volatile gaseous species occurred 
between 200 – 400 oC. The fraction of the residue increased when chemical additives 
were used. This is expected since the addition of additives increases the ratio of solid 










































































Figure 3. Pyrolysis curves of waste PWBs with chemical additives. a) TG. b) DTA. 
 
DTA curves for the different pyrolysis experiments are shown in Figure 3 (a). 
There were several peaks of endothermic and exothermic reactions during pyrolysis. 
Similar TG-DTA data were reported by Xiangjun et al. [12]. 
 
3.3.1 HBr gas evolution with additives 
Figure 4 shows a comparison of the intensity of exhausted gases with additives 
during the pyrolysis process of waste PWBs in TG-DTA. Figure 4(a) shows that addition 
of CaO, CaCO3, Fe2O3, Y-zeolite, and ZSM-5 to PWB waste during pyrolysis suppresses 
HBr gas evolution. Addition of CaO reduced the intensity of the HBr gas the most, 
followed by CaCO3, Y-Zeolite, and Fe2O3. In fact Al2O3 had no effect on the intensity of 
evolved HBr.  
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Two reasons may possibly account for the reduction in the HBr evolved with 
addition of additives: 1) equilibrium reaction between HBr and additive to form a stable 
compound or salt and 2) absorption of the HBr gas in the bulk of the additive. The reason 
why CaO and CaCO3 gave the least HBr signal is possibly due to their basic nature and 
ability to react with HBr at the experimental conditions studied. The equilibrium 
reactions of HBr gas with CaO, CaCO3, Fe2O3, and Al2O3 are given in Eqs. 1–4. Gibbs 




2 2( ) ( ) ( ) ( )CaO s HBr g CaBr s H O l      
190.7G kJmol           (1) 
 
3 2 2 2( ) 2 ( ) ( ) ( ) ( )CaCO s HBr g CaBr s H O l CO g     
192.1G kJmol           (2) 
 
2 3 3 2( ) 6 ( ) 2 ( ) 3 ( )Fe O s HBr g FeBr s H O l      
1100.4G kJmol           (3) 
 
2 3 3 2( ) 6 ( ) 2 ( ) 3 ( )Al O s HBr g AlBr s H O l      
1160.4G kJmol           (4) 
 
It can be seen that the likely hood of the reaction of HBr gas with either CaO or 
CaCO3 at equilibrium is much higher than that of Fe2O3 and Al2O3. This is because of the 
negative Gibbs energy of reactions in Eqs. 1–2. In fact, thermodynamic data shows that 
Fe2O3 is more likely to react with HBr than Al2O3. This is indeed what is seen in MS 
spectra in Figure 4(a). Y-Zeolite and ZSM-5 are complex zeolites and their 
thermodynamics cannot easily be represented by Gibbs free energies. 
The effect of ratio of weights of waste PWBs to additive is shown in Figure 4(b). 
The amount of HBr reduced with an increase in the amount of additive used. This is 
expected because more additive surface is available for react or absorption of HBr. Figure 


























































Figure 5. TG-DTA curves of waste PWBs-CaO mixtures. 
 
A comparison between the TG curve with no additive and those with varying 
amounts of CaO is shown in Figure 5(a). There are multiple weight loss steps in the TG 
curves with additives compared to those without additives. This may be attributed to 
increase in the number of reactions taking place during pyrolysis when additives are used 
[12]. Similarly, the DTA peaks increased when additives were used (Figure 5b). 
 
3.3.2 Br2 gas evolution with additives 
Figure 6 shows that bromine gas (Br2) is evolved during the pyrolysis of waste 
PWBs. Similar to HBr, addition of chemicals to pyrolysis process reduces the amount of 
Br2 evolved substantially. 
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3.3.3 Others gases evolved 
Figure 7(a)–(j) shows the intensity of CH3Br, HCl, Cl2, BPA, and C6H6 evolved 
during pyrolysis. The results are similar to those of HBr and Br2. However, there some 
minor differences: Al2O3 and Fe2O3 (Figures 7c and 7d) promoted the evolution of HCl. 
This is not uncommon since some of the additives added act as catalysts speeding the 
decomposition reactions and in so doing lead to more gas evolution [12, 19]. Moreover, 
Al2O3 promoted the evolution of benzene gas. Bishenol A (BPA), which is a product of 
decomposition of fire retardant tetrabromobisphenol A (TBBA) was detected but at very 
low intensities. This is an indication that at 900 
o
C, most of the TBBA had decomposed 
to HBr and other small molecule brominated compounds.  
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Figure 7. MS signal of evolved gases from waste PWBs pyrolysis with additives. 
 
It is also important note that CaO and CaCO3 promoted the evolution of other 






4. Conclusions  
 
The thermal degradation of waste PWBs has been investigated using the TG-
DTA-MS in temperature range between 25–900 oC and the gases evolved were identified 
using their m/z values. The effect of addition of chemical additives to the pyrolysis 
process with the aim of reducing the amount of pollutant gases has been examined. 
CaO and CaCO3 were the most effective additives in reducing the amount of HBr 
evolved during the pyrolysis of waste PWB. This is because of their basic character and 
hence has a high affinity for the acidic HBr gas. A weight ratio of waste PWB to additive 
of 5 was considered adequate for inhibiting a substantial fraction of pollutant gases. 
The abundance of H2, CO, CH4 and H2O in the pyrolysis gaseous stream means 
that pyrolysis of waste PWBs has a potential as an energy resource. The results presented 
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The disposition of HBr and other pollutant gases evolved during 900 
o
C pyrolysis 
of waste printed wiring boards (PWBs) has been studied using FactSage® 6.3.1 
thermodynamic software, and thermogravimetric analysis with mass spectrometer (TG-
DTA-MS) 
o
C. FactSage simulation of the pyrolysis process showed the possibility of 
reducing HBr gas by addition of CaO and CaCO3 to waste PWB feed. TG-DTA-MS 
experiments were carried out in order to determine the effect of addition of inorganic 
solids (CaO, CaCO3, Fe2O3, Y-Zeolite, ZSM-5, and Al2O3) on evolved gases during the 
thermal degradation of waste PWBs under inert atmosphere. Additionally, large scale 
pyrolysis of waste PWB materials has been carried on a mixture of waste PWBs-
inorganic oxides in a tube furnace with the aim of reducing the amount of HBr evolved.  
It has been shown that CaO, CaCO3, Fe2O3, Y-zeolite, and ZSM-5 have a potential 
to suppress HBr gas evolution during the thermal decomposition of waste PWBs in the 
pyrolysis process. However, in the tube furnace experiments in this research, CaO and 
CaCO3 were found to be the most effective additions with greater than 90% reduction in 
total Br evolved as gas during pyrolysis, which approaches a bromine free pyrolysis gas 
that could be used as a fuel.  
The amount of total Br in the light pyrolysis oil fraction decreased by over 80% 
with CaO or CaCO3 additions to waste PWB feed (PWB/CaO = 5:1) during pyrolysis. 
However, the additions during pyrolysis had little effect on total Br content of the heavy 
oil fraction. FT-IR, ICP-MS and GC-MS analysis of the light pyrolysis oil revealed that it 
contains phenol and its derivatives dissolved in aqueous solution. The heavy pyrolysis oil 
contained mainly paraffins, olefins, phenols, and substituted phenols. SEM/EDX and 
EDXRF analysis of pyrolysis residue showed that most of the bromine compounds were 
concentrated in the solid residue after pyrolysis where they could be recovered. 
Unfortunately, the bromine phases in solid residue were not identifiable by XRD because 






1.0 Introduction  
 
The electrical and electronic industry is one of the world’s largest and fastest 
growing manufacturing sectors. As a consequence of this growth, electrical and 
electronic waste (e-waste), such as computers, washing machines, printers, mobile 
phones, television sets, stereos, etc., is generated in increasing quantities worldwide. 
Printed wiring boards (PWBs) are common components of many electronic and electrical 
systems [1]. The rapid development and expansion of the electronics industry over 
several decades have led to a dramatic increase in the production of PWBs and a 
corresponding increase in the amount of waste generated from both production and 
disposal. The environmental impacts of the treatment and recycling of waste PWBs waste 
have become a major concern [1, 2]. Waste PWBs are particularly problematic to recycle 
because of the heterogeneous mix of organic material, metals, and glass fiber [1].  
One of the most the promising recycling technologies for waste PWBs is the 
pyrolysis process. This method generates a gas or liquid-phase combustible fuel by 
heating polymers contained in waste PWBs in the absence of oxygen [1].  However, 
brominated phenol is one of the major components of pyrolysis oils from waste PWBs 
pyrolysis [1]. Bromine containing phenols are potentially hazardous compounds emitted 
during heating of polymers containing the flame retardant tetrabromo-bisphenol A 
(TBBA). In fact, brominated phenols likely form polybrominated dibenzo-p-dioxins and 
furans (PBDD/PBDF) through Ullmann condensation, thus, contaminating the pyrolysis 
products. Therefore, the reduction of the amount of brominated phenols in the pyrolysis 
oil in favor of less toxic substances, is an important way to add value to the waste PWBs 
recycling.  
Chien et al. [3] reported that ~72.3% of total Br in waste PWBs is found as HBr 
and bromobenzene. Therefore, to improve the pyrolysis process and make it widely 
acceptable as an environmentally sound recycling technique for waste PWBs, the amount 
of HBr evolved during pyrolysis should be suppressed.  
Paraschiv et al. [4] reported that there is a relation between polybrominated 
dibenzo-p-dioxins/polybrominated dibenzofurans (PBDD/Fs) emissions and certain 
brominated compounds that are identified as precursors in the formation of dioxins. The 
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presence of di-bromophenol and tri-bromophenol in pyrolysis gas from waste PWBs can 
predict the emission of PBDD’s. Therefore, a reduction in brominated compounds 
evolved during pyrolysis of waste PWBs can indirectly lead to less dioxins and furans in 
pyrolysis gas and this would improve the viability of the overall process. 
Xiangjun Zuo et al. [5] investigated an environmentally friendly process to 
recycle waste PWBs. PWB samples with and without inorganic chemical additives were 
pyrolyzed. Analysis of the exhaust gases from the experiments using Gas 
Chromatography Mass Spectrometer (GC-MS) and Thermal Gravimetric Analyzer with 
Mass Spectrometer (TG-MS) showed that without CaCO3 additives, toxic gases such as 
C6H6 and HBr were produced which were adequately controlled if CaCO3 was added. 
Pinto et al. [6] investigated the thermolysis (chemical decomposition) of plastic waste to 
obtain valuable hydrocarbons. He added catalysts to improve the quality and selectivity 
of products obtained. To study the influence of several catalysts on product distribution, 
the average plastic waste composition existing in Portuguese municipal solid wastes 
(68% PE, 16% PP and 16% PS) was chosen. Unfortunately, the catalysts studied in his 
work were ineffective with little to no change from experiments without catalysts. 
Dehalogenation attempts have been carried out on model compounds directly in the 
pyrolysis of waste PWBs or in the refining of the pyrolysis oil. A successful approach to 
de-brominate PWB waste was achieved by pyrolysis in the presence of NaOH or sodium-
containing silicates resulting in an enhanced bromomethane evolution and depression of 
brominated phenol formation [7]. Various combinations of cracking catalysts and 
absorbers for halogenated compounds (CaCO3 and red mud) decreased the amount of all 
heteroatoms (Br, Cl, O, F, S, etc.) in pyrolysis oils of PWBs. When CaO was added to the 
feed, inhibition of 90% of the PBDD/PBDF occurs with prevention of evolution of HCl 
and HBr that corrodes the equipment [8].  
Additionally, Luyima et al. [9] investigated the pyrolysis of waste PWBs in  TG-
DTA-MS furnace between 25 – 900 oC. Fe2O3 and CaO were reported to be the best 
inhibitors of toxic gaseous HBr formation when compared to Al2O3, Y-zeolite, and ZSM-
5 under similar experimental conditions.  
There has been a lot of research on pyrolysis of waste PWBs [2, 10-19]; however, 
little attention has been given to the control of gaseous brominated compounds from 
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pyrolysis processes. Moreover, with increasing restrictions on the amount of toxic gases 
(HBr, HCl, dioxins and furans) allowable for release to the atmosphere, the viability of 
the future pyrolysis processes for waste PWBs treatment will depend on the ability of 
such processes to control the amount of HBr and other bromides released to the 
atmosphere. Pyrolysis oil from waste PWBs is also not easily reused or recycled because 
of presence of harmful compounds (dioxins and furans) and hetero atoms. 
In this work, pyrolysis of waste PWBs collected from an obsolete mixture of 
personal computers has been investigated. Waste PWBs with and without inorganic 
chemical additives were heated in tube furnace at 15 
o
C/min. and held at 900
 o
C for 120 
min. The resultant pyrolysis oil was characterized by GC-MS, FT-IR and ICP-MS for 
their total bromide content. Energy dispersive X-ray Fluorescence (EDXRF), X-ray 
diffraction (XRD), and scanning electron microscopy with Energy dispersive X-ray 
(SEM-EDX) were used to characterize the charred residue.  
 
2.0 Experimental  
 
2.1 Materials and composition 
 
2.1.1. Materials  
Waste PWBs from an obsolete mixture of computers were manually sorted, 
crushed using a DSL-158 disintegrator and finally milled with a DSL-115 disintegrator. 
The milled sample was separated into different size fractions by screening: 0 – 125, 125 – 
315, 315 – 630, and >630 µm. Powder inorganic chemical additives (CaO, CaCO3, Fe2O3, 
Al2O3, ZSM-5, and Y-zeolite), with purities of 97%+ were laboratory chemicals 
purchased from Fisher Scientific. CaO, CaCO3, and Fe2O3 had particle size below 50 
microns, Al2O3 was tabular with size under 300 microns, ZSM-5 had Brunauer-Emmett-
Teller (BET) surface area of ~300 m
2









2.1.2. Composition of waste PWBs 
The composition of the waste PWBs used in the current study is shown in Table 1. 
C, H, and N were determined by Perkin Elmer model 2400 CHN analyzer. Br was 
determined using the XRF standard addition method. The metallic part of waste PWBs 
was determined by leaching in aqua regia [20].  
 
Table 1. Composition (wt. %) of waste PWBs used in current study. 
Particle size (µm) C H N Br O Metals Ceramic  
0-125 22.44 2.09 1.39   29.38  
125-315 32.25 4.69 2.32   33.68  
315-630 41.89 5.83 0.45     
>630 53.63 6.07 1.13 4.17    
Blank: means the value was not determined. Metal composition was determined by 
ICP-MS [20]. 
 
The elemental compositions of waste PWBs in Table 1 and Figure 1 show that the 
carbon content increases with particle size. Larger particles from mechanical treatment of 
waste PWBs contain more polymer material than small particle size materials, which are 
mainly metals and ceramics (glass fiber). Therefore, a particle size greater than 630 μm 
was chosen for waste PWBs pyrolysis in a tube furnace. This is because more carbon 
means more polymer (organic) materials and hence is the most suitable size for oil 
recovery.  Moreover, the amount of carbon in a given fraction can be used as a qualitative 
measure on what processes are suitable for treatment of a given fraction of waste PWBs 
after mechanical treatment. Conversely, waste PWBs of sizes 0 – 125 and 125 – 315 μm 
contain less carbon and more metallic content making these sizes suitable for leaching for 





















Figure 1. Carbon content (%) of waste PWBs used in the current study. 
 
2.2 FactSage simulation of pyrolysis of waste PWBs 
 
Due to the heterogeneous nature of waste PWBs, there is no direct 
thermodynamic simulation in the literature to predict precisely the gaseous product 
distribution during the pyrolysis process. Performing thermodynamic calculations can 
assist in controlling the distribution of exhaust gases by predicting optimum conditions 
for the pyrolysis process. The aim of this study is to predict the pyrolysis gaseous 
products distribution at different physical conditions (temperature and PWB/additive feed 
ratio) using FactSage
® 
6.3.1 thermochemical software.  
The elemental composition of waste PWBs (Table 2) published by Chien et al. [3] 
is fairly representative of most waste PWBs found in literature and has been used in this 
simulation.  
FactSage uses a Gibbs free energy minimization method to compute the gaseous 
composition at equilibrium for the pyrolysis process. This method identifies the 
concentrations of the species that minimize the total Gibbs free energy of the system, in 
accordance with the constraints imposed by the conservation of mass [21]. This method 
assumes a minimum value at thermodynamic equilibrium. However, thermodynamic 
calculations do not consider kinetic constraints and should only be used in combination 




Table 2. Elemental composition (wt. %) of typical waste PWBs used in FactSage 
simulations [3]. 







Cl Trace  
Cu 9.53 
Moisture  3.56 
 
Factsage calculations were carried out on 100 g waste PWB basis, 1 atmosphere 
total pressure, 20 – 1200 oC temperature, and elemental composition given in Table 2. 
The pyrolysis simulations were carried with and without inorganic additives. The weight 
ratio of waste PWB to additive was varied (2.5:1, 5:1, and 10:1). 
Figures 2 – 4 show the composition of HBr and other gases evolved from 
pyrolysis of waste PWBs simulation at equilibrium. The gas yield at equilibrium at 
different temperatures can be divided into three zones (Figure 2). The first zone (~T < 
300 
o
C) resulted in a negligible amount of HBr in the pyrolysis gas. In zone two (~300 – 
800 
o
C), the amount of HBr in the effluent gas gradually increased with pyrolysis 





C, the amount of HBr did not change significantly with temperature. The 
presence of copper in waste PWBs leads to the formation of CuBr3 gas, which together 
with HBr, are the main bromide species at equilibrium. Figures 3 and 4(a) shows that the 
addition of CaO to waste PWB feed leads to a reduction in CuBr3 and HBr gases by 
approximately 99 and 79%, respectively. Similar results were obtained with CaCO3 as an 
additive. 
When the simulation is repeated with Fe2O3 and Al2O3 as additives, at similar 
equilibrium conditions, there is little or no observable change in HBr evolution (Figure4 
a). Figure 4(b) shows the effect of PWB/CaO weight ratio on the amount of HBr evolved 
at equilibrium. Adding more amount of CaO decreased the amount of HBr evolved at 
temperatures below 700 
o
C. However, at temperatures greater than 700 
o
C, there was no 
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observable reduction in the amount of HBr evolved. This is because there is more HBr 









Figure 3. FactSage simulation of major gaseous species evolved from pyrolysis process 
with CaO added to PWB feed (PWB/CaO ratio = 5:1). 
 
 
Figure 4. a) FactSage simulation of HBr gas evolution with different additives 
(PWB/additive = 5:1). b) FactSage simulation of HBr evolution with 






Powder samples of waste PWBs with and without inorganic chemical additives 
were degraded in a NETZSCH STA 409 CD thermogravimetry-differential thermal 
analyzer (TG-DTA) connected to a NETZSCH QMS 403 C mass spectrometer (MS). 
Waste PWB samples (15 mg) were heated at 15 
o
C/min up to a maximum temperature of 
900 
o
C and held there for 120 min., under argon flow at 200 mL/min. The evolved gases 
were analyzed by mass spectrometer. Inorganic chemical additives (CaO, CaCO3, Fe2O3, 
Y-zeolite, ZSM-5 and Al2O3,) were added to waste PWB feed to reduce the amount of 
HBr in the exhaust gas. To provide similar initial conditions, the initial mass, temperature 
and atmosphere were the same for all experiments with pre-purging of TG-DTA 
equipment for 30 min. The waste PWB to additives weight ratio of 5:1 was considered 
sufficient based on a series of preliminary studies. 
 
2.4 Tube furnace 
 
In order to have realistic amounts of pyrolysis products for characterization, 
pyrolysis of waste PWBs was performed in a high temperature tube furnace (STT-1200-
3.5”-12”-QZ) from Sentro Tech Corp. (Figure 5). Preliminary characterization tests 
(Table 1 and Figure 1) indicated that most of the polymers were contained in waste PWB 
samples with size fraction of over 630 microns and therefore, this particle size was 
chosen for pyrolysis studies in the tube furnace.  
At the beginning of each experiment, a waste PWB sample was placed in an 
alumina crucible and transferred into the quartz tube furnace. After sealing the furnace, 
argon was purged at a rate of 200 mL/min. Samples were subjected to a linear heating 
rate (15 
o
C/min) with the final pyrolysis temperature of 900 
o
C where samples were held 
for 120 min.  The evolved gases from the pyrolysis reactions in the furnace were passed 
through a condenser with running tap water and then through a series of five borosilicate 
glass cold traps  surrounded by an ice/water mixture. Some gases condensed into oils. 
The non-condensed inorganic halogen gases were bubbled through a series of two flat-













Figure 5. Schematic representation of the high temperature tube furnace used in current 
study 
 
The weight ratio of waste PWB to inorganic additive was 5:1. Inorganic chemical 
additives were added to the feed with the purpose of reducing the amount of bromine in 
the flue gas. The pyrolysis oils and NaOH bubbled with exhaust gases from the 
experiment were analyzed for total bromide content using GC-MS, ICP-MS, and Fourier 
transform infrared spectroscopy (FT-IR). Solid charred residue and pyrolysis oils 
collected after the experiments were weighed and a mass balance performed. The amount 
of exhaust gas produced was determined by the difference in weight before and after 
experiment. SEM-EDX, FT-IR, x-ray diffraction (XRD) and EDXRF methods were used 
to characterize the charred residue. 
 
3.0 Results and discussion 
 
3.1 Preliminary TG-DTA-MS investigation of composition of pyrolysis gases 
 
Waste PWB samples (15 mg) were heated at 15 
o
C/min. and kept at 900 
o
C for 
120 min. in a TG-DTA-MS. A TG curve in Figure 6 shows that waste PWBs degraded by 
approximately 57% leaving a residue of 43%. Therefore, the waste PWB samples used 
contained approximately 43% metallic and oxide materials and 57% polymeric materials. 
The drop-off at 900 
o
C in Figure 6 for the TG and DTA curves indicates the maximum 














































































Figure 6. Heating curve and TG-DTA curves of waste PWBs pyrolysis without chemical 
additive. 
 
Figure 6 shows that the main mass loss occurred between 100 – 700 oC with the 
majority of the mass lost between 300 – 500 oC. This is shown by a small DTA peak at 
approximately 400 
o
C (30 min.). Figure 7 shows the composition of pyrolysis gases 
monitored by mass spectrometer (MS) connected to the TG-DTA instrument. The MS 
data for each PWB sample were examined as a function of temperature (or time). 
Particular mass/charge (m/z) values could be associated with the mass loss steps (gas 
evolution) in the TG data. The degradation of the organic material was characterized by 
m/z = 2, 16, 18, 26, 28, 30, 36, 40, 42, 44, 54, 56, 58, 71, 78, 81, 92, 95, 160 and 228. All 
the peaks in Figure 7 appeared at ~30 min. as expected, which corresponds to the 
temperature in the TG-DTA when maximum mass loss was observed in Figure 6. 
The most abundant gaseous product from pyrolysis of waste PWBs is CO. Similar 
results were reported by Hall et al. [1]. The results are also in agreement with FactSage 
simulation results presented in Figures 2 – 4. The abundance of oxygen containing 
species like CO, CO2, H2O, etc. is apparently due to decomposition of epoxy contained in 





















































































































Figure 7. MS spectrum of evolved gaseous species from waste PWBs pyrolysis in 
TG-DTA-MS. 
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Figure 8. MS signal of evolved HBr from waste PWBs with and without chemical 
additives during pyrolysis in TG-DTA. 
 
Figure 8 shows that addition of CaO, CaCO3, Fe2O3, Y-zeolite, and ZSM-5 to 
PWB waste during pyrolysis suppresses HBr gas evolution. Similarly, increasing the 
weight ratio of the additive to PWBs helps in the reduction of the amount of HBr in the 
evolved gas. However, the increment was slight as shwon in Figure 8 (b). CaO and 
CaCO3 are the most effective at reducing the amount of HBr gas the most. Fe2O3, and Y-
Zeolite also decreased HBr gas as indicated by the peak intensity values. CaO and CaCO3 
results are in agreement with those calculated in FactSage (Figure 4a). Therefore, at 
equilibrium conditions, there is a possibility for the formation of CaBr2 from the reaction 






3.2 Pyrolysis products yield and composition 
 
Table 3 shows the product yield from pyrolysis of waste PWBs in a tube furnace. 
The mass balance in Table 3 was calculated by weighing the mass of pyrolysis solid 
residue and oil produced. The amount of gas was determined by calculating the 
difference from the starting PWB weight. Conversion (η) is defined as the percent of 









                 (1) 
 
where W0, and Wf are weights of fresh waste PWBs and waste PWB charred residue after 
pyrolysis, respectively. Generally speaking, conversion of between 40 – 60% were 
obtained and this is directly linked to the amount of decomposable polymers present in 
the waste PWBs. Addition of chemical additives had little effect on the conversion rate. 
 













None 48.66 20.25 31.09 51.34 
Fe2O3 48.66 20.25 33.66 61.61 
ZSM-5 56.83 15.48 27.70 51.81 
Al2O3 57.05 17.90 25.06 51.54 
CaO 55.31 14.54 30.15 53.63 
Y-
Zeolite 
54.78 18.72 26.50 54.27 
CaCO3 50.07 15.33 34.60 51.10 
 
3.2.1 Pyrolysis solid residue (char) 
SEM images of the waste PWBs before and after pyrolysis are shown in Figures 9 
– 16. Each of the solid residues from the pyrolysis experiments was examined using 
SEM-EDX to determine the approximate elemental composition of the residue. Figure 9 
shows that the fresh waste PWBs (non-pyrolyzed) contained mainly Br, Si, P, Cl, Ti, Fe, 
Cu, Ca, C, and O. The relative percent composition of most elements is not given because 
EDX is not suitable for accurate analysis of light elements and elements at low 
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concentrations. The theoretical detection limit in SEM-EDX measurements is about 0.08 
wt% [22] and some elements in waste PWB are well below this limit.  
 































Br = ~4.64 wt.%
 
 
Figure 9. SEM-EDX analysis of waste PWBs before pyrolysis in tube furnace. 
The %Br content was estimated from EDXRF. 
 
Similary, after pyrolysis of waste PWBs without an additive, the SEM-EDX 
spectrum is shown in Figure 10. The particle shape of the treated sample changes from a 
shapeless bulk (Figure 9) to individual rodlike and circular shapes. The difference in the 
SEM-EDX spectrums from the un-pyrolzed waste PWB (Figure 9) to the pyrolyzed PWB 
(Figure10) is due to the decomposition of polymer molecules to small organic molecules 
and their subsquent evaporation. This is shown with a reduction in the relative elemental 
composition of Br. Presence of metals and halogens (Br and Cl) in char indicates not all 
brominated and chlorinated compounds end up in pyrolysis gas or oil. 
Additonally, the SEX-EDX spectrums for pyrolsysis with additives is given in 
Figures 11 – 16. The elemental composition of the residue was modified by the addition 










































Br = ~1.5 wt.%
 
 
Figure 10. SEM-EDX analysis of waste PWBs residue (char) after pyrolysis process. 
The %Br content was estimated from EDXRF. 
 











































Figure 11. SEM-EDX analysis of residue from waste PWBs pyrolysis with CaO. 
 
























































































Figure 13. SEM-EDX analysis of residue from waste PWBs pyrolysis with Fe2O3. 
 










































Figure 14. SEM-EDX analysis of residue from waste PWBs pyrolysis with Y-Zeolite. 
 





































































































Figure 16. SEM-EDX analysis of residue from waste PWBs pyrolysis with Al2O3. 
 
In all of the experiments, pyrolysis char contained metals and halogens (Br and 
Cl). The addition of CaO, CaCO3, and Y-Zeolite made the char residue finer, whereas 
Fe2O3, and Al2O3 made it coarser. Therefore, the use of Fe2O3, and Al2O3 as additives 
could render the mechanical separation of metals, organic char, and glass fiber easier. 
The composition of pyrolysis ash included: Cu, Ca, Fe, P, Si and small amounts of 
precious metals [20](Au, Ag, Pd, and Pd—not accurately detectable by EDX but present 
[22]). Pyrolysis ash/residue has the potential of being a viable source for metals recovery 
as shown by its EDX metal composition. 
Figures 17 (a) – (d) show the XRD analysis of pyrolysis residue (without and with 
chemical additives). The residue from pyrolysis of waste PWBs without additive contains 
mainly the corundum phase that likely originated from fiberglass used in PWB 
manufacture.  
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Figure 17. XRD analysis of pyrolysis residue. 
 
The main reason for the XRD analysis of waste PWB pyrolysis residue (with and 
without additives was to determine the mechanism by which HBr and other bromide 
containing gases are reduced during the pyrolysis process. This is especially important 
for CaO or CaCO3 additives which showed that HBr is reduced (Figure 4a). Moreover, 
this means that HBr reacts with a metal oxide to form a stable metal halide. However, 
analysis of XRD spectrums of the pyrolysis residue from PWB mixtures with CaO, 
CaCO3 and Fe2O3 did not show any calcium/iron bromide phases. This is probably due to 
three reasons: 1) The XRD spectrums gave a high intensity background at low diffraction 
angle typical of glassy phases (non-crystalline) and this may mean that the bromine 
phases formed are non-crystalline and hence cannot be determined by XRD. 2) The 
bromide phases formed might be below the detection limit of XRD in an otherwise non-
crystalline bulk residue. 3) The calcium/iron-bromide phases formed are a mixture of 
metal bromides and complex metal oxybromides (metal-oxide-bromide compounds). 
Terakado et al. [23] studied the thermal degradation of TBBA (bromine containing 
portion of waste PWB) containing 10% Br with metal oxides (ZnO, Fe2O3, La2O3, CaO, 
and CuO) and reported the formation of metal bromides and oxybromides. XRD analysis 
of residue indicated the presence of ZnBr2, FeBr2, LaOBr, CaBr2.6H2O and CuBr phases 
when ZnO, Fe2O3, La2O3, CaO, and CuO were added to pyrolysis process respectively.  It 
should be noted that the conditions of Terakado et al. [23] experiments were different 
from present work and he used a TBBA sample compared to waste PWB used in the 
work presented here.  
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Analysis of the bromine content of the pyrolysis residue was done to further 
understand the possible mechanism of HBr reduction by additives. In order to determine 
the absolute total Br in the charred residue, a standard addition energy dispersive x-ray 
fluorescence (EDXRF) method (Figure 18) was used. Standard PWB samples with 0, 1, 3 
and 6% Br were prepared adding varying amounts of analytical grade KBr to waste PWB 
samples. Since KBr contains approximately 67.1% Br, to prepare for example 1% Br 
PWB, ~1.49 g of KBr was added to 98.51 g PWB. The Br contents of waste PWB 
samples were determined from a calibration curve prepared from EDXRF responses with 
different standard samples. The intercept when the response (y-axis) is zero is the 
magnitude concentration (%Br) of the unknown PWB sample [24]. 
 



























Figure 18. Calibration curve for total Br in waste PWBs generated from EDXRF response 
Note: The x-axis intercept reprents the amount of Br that would need to be 
removed from the sample to obtain a 0% Br response. 
 
Table 4 is a summary of bromine content of fresh PWBs and PWB solid residue 
from pyrolysis without and with CaO. It shows that a significant amount of total Br 
(~29.5%) is retained in solid pyrolysis residue when no chemical additive is added. 
Moreover, the addition of CaO (PWB/CaO = 5:1) during pyrolysis retained 







Table 4. Bromine content of waste PWB solid residue (char)  
Experiment Br (%) 
Fresh waste PWBs 4.17 
PWB residue 1.23 
PWB with CaO residue 3.97 
 
In section 2.2 it was estimated from equilibrium thermodynamic calculations that 
approximately 79% of HBr gas is removed by simple reaction equilibrium (mechanism) 
in case of CaO addition. However, experimental results indicate that more than 93% of 
HBr is removed. The extra bromine (17%) reduction is by another mechanism. This 
indicates that the thermal degradation behavior of PWB-metal oxide additive mixtures 
cannot be explained sorely by simple reaction equilibrium. Possibly, HBr is also reduced 
by other mechanisms like absorption in the bulk additive in addition to the reaction 
equilibrium mechanism. In fact Terakado et al. [23] reported that the reduction of HBr is 
achieved through formation of metal bromides and oxybromides when he degraded 




3.2.2 Pyrolysis oils 
The pyrolysis oil resulting from pyrolysis experiments of different waste PWBs 
feed was characterized using GC-MS, FT-IR, and ICP-MS. Figure 19 shows typical 
pyrolysis oils obtained from pyrolysis of waste PWBs. It should be noted here that nearly 
all of the oil was collected (condensed) in the first cold trap after the condenser (Figures 5 








In all of the pyrolysis experiments, oil from cold trap 1 contained highly volatile 
oil (top layer), light oil (middle layer), and heavy oil (bottom layer). Cold traps 2 – 5 
contained only the light oil. In most pyrolysis experiments, the top layer volatilized 
immediately after the experiments. Preliminary tests on the composition of pyrolysis oil 
was carried out using Agilent 6890 Gas Chromatograph (GC) coupled with an Agilent 
5973 MS—the GC column was HP-5MS, 5% Phenyl Methyl Siloxane (30.0 m × 250 µm 
× 0.25 µm). Figure 20 (a) – (c) shows the typical composition of the pyrolysis oil from 
the three layers. 
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Figure 20.Typical GC-MS chromatograms of pyrolysis oils in all layers. 
 
Most of the organic compounds found in the top layer are also found in the 
bottom layer. This is possibly due to the fact that both layers mainly consist of organic 
compounds that possibly mix during pyrolysis. The middle layer is an aqueous solution 
of phenol and its derivative compounds and is expected to come from decomposition of 
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the epoxy part of waste PWBs. Tri-aryl phosphates have been replacing TBBA as fire 
retardants in plastics since they are less environmentally polluting and their presence is 
not entirely un-expected. Additionally, Nicolet 470 FT-IR was used as a complementary 
technique to understand the different chemical bonds and chemical functional groups 
present in the pyrolysis oils. Figure 21 shows a typical FT-IR spectrum of the different 
layers of pyrolysis oil. 
The FT-IR spectra of all oils from different pyrolysis experiments were analyzed 
using KnowItAll 9.5 FT-IR spectra software (academic edition). Figure 21 (a) – (c) 
shows typical FT-IR spectra of pyrolysis oil from different layers. The spectra from all 
the pyrolysis oils contained a large broad peak between 3400–3200 cm-1 that is associated 
with O–H bond stretching in alcohols including phenols. Peaks between 1480–1410 cm-1 
and 1075–1000 cm-1 are also associated with O–H deformation and C–O stretching in 
alcohols/phenols. There is a small peak at ~3045 cm
-1 
and this is associated with C–H 
bonds in alkanes, and C=C bonds in alkenes and substituted aromatics. The peak at 
~2925 cm
-1 
is associated with C–H bonds in methyl benzene and cyclohexyl. FT-IR 
peaks between 2900–2695 cm-1 are associated with C–H bond stretching in aldehydes. 
Additionally, peaks appearing between 1740–1720 cm-1 are associated with C=O bond 
stretching in aldehydes.  
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Figure 21. Typical FT-IR spectrum of pyrolysis oils in the different layers 
 
The peaks between 1392 and 1388 cm
-1 
are associated with C–H bond rocking 
and those between 980–780 cm-1 are associated with medium C–H bond deformation. 
The peak at 2123 cm
-1 is associated with stretching of C≡C bonds in alkynes. A peak at 
~1597 cm
-1 
is associated with –NH2 bond deformation in secondary amine salts. A peak 
at ~797 cm
-1 
associated with –NH2 bond rocking in secondary amine salts. The peak at 
~690 cm
-1 
is associated with C=H bond deformation in alkenes. Finally, the peak at ~590 
cm
-1 
is associated with C–X (X= Br, I etc.) in halogens. It is apparent that the dominant 
functional group in pyrolysis oil is a hydroxyl group (–OH) bonded directly to an 
aromatic hydrocarbon group. This means that in all the layers of pyrolysis oil, phenol is 
the major compound present.  It could be deduced from FT-IR data that heavy oil (Figure 
21c) contains most of the paraffins/alkanes, alkenes, alkynes, methyl benzenes and other 
constituents of crude oil (contains functional groups associated with those organic 
compounds) and hence should be the focus of the pyrolysis of waste PWBs if oil 
recovery is the major aim. Light oil (middle layer) is mainly phenol in water which could 
be recovered as a phenolic resin when this process is applied in industry. 
The quantitative determination of total Br (confirmed by FT-IR qualitative tests) 
in all pyrolysis oils was through the use of an ICP-MS method developed by Shi et al. 
[25]. This method, however, is developed for determination of total bromine in aqueous 
solutions. This makes it ideal for analysis of the middle layer (aqueous) and a little more 
challenging for the bottom and top layers, which are organic. However, it was determined 
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through trial and error that this method is also applicable to the organic layer for total 
bromine determination if the organic layer is completely dissolved in aqueous solution. 
For this study, all organic layers were dissolved in small volumes of methanol (~1 ml) 
and then in one liter of deionized water. In order to determine the accuracy of this method, 
samples were randomly spiked with standard bromine and a recovery over 99% was 
obtained. 
Figure 22 shows the bromine content of pyrolysis oil collected from cold traps 1 – 
5 after pyrolysis of waste PWBs, without chemical additives.   
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Figure 22. Total Br content of pyrolysis oil when no additive is used. 
 
Figure 23 shows that there is generally a high concentration of total Br in the light 
oil from cold traps 1 – 5. This is mainly due to fact that less oil is condensed in traps 3 – 
5. The results also are similar to those of Hall et al. [1] who reported that the halogen 
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Figure 23. Total Br content of pyrolysis oil when CaO is added to feed during 
pyrolysis (PWB/CaO = 5:1). 
 
Figure 24 shows that the addition of CaO to PWB feed reduces the Br content of 
the light oil in cold trap 1 (Figure 23) by ~82% and heavy oil by only 13%. Figure 24 
shows the effect of other additives on the total Br content of waste PWB pyrolysis oil. 
The result indicates that CaCO3, CaO, Y-Zeolite and Fe2O3 are capable of significant 
reduction in total Br in the light oil. However, there was little effect on the composition 
of the heavy oil/bottom layer. In fact the total Br content of the heavy oil increased 
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Figure 24. Total Br content of pyrolysis oil with different chemical additives 
during pyrolysis (PWB/additive = 5:1). 
 
Figure 24 shows that CaO and CaCO3 are the best candidates for reduction of 
total Br in pyrolysis gases and oils which is in agreement with the thermodynamic 
analysis (FactSage) shown in Figures 2 – 4. Detailed results of pyrolysis with CaO are 
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given in Table 5.  It is also worth mentioning that the total volume and weight of oil was 
reduced when additives were used. 
 
Table 5. Total Br content of pyrolysis oil without additive and with CaO  
(PWB/CaO = 5). 
Experiment Cold trap 1 Cold trap 2 Cold trap 3 Cold trap 4 
PWBs 
 M B M B M B M B M 
Wt./g 8.20 2.57 5.0  0.5  0.2  0.2 
%Br 2.39 1.64 5.0  1.68    3.15 




Wt./g 6.70 3.44 0.2  0.4  0.5  0.70 
%Br 0.413 1.43 0.117  0.077  0.089  0.085 
Br/g 0.028 0.049 0.00023  0.00031  0.00044  0.0006 
M: middle layer; B: bottom layer ; Blank means layer not present 
 
3.2.3 Gaseous product 
The pyrolysis gas which does not condense in cold traps 1 – 5 was bubbled 
through two 2M NaOH flat-bottomed flasks in series to capture any acid bromine 
containing gas including HBr. The amount of Br reacted/captured by NaOH was 
determined by ICP-MS method published by Shi et al. [25] and is shown in Figure 25. 
The amount of Br not captured by NaOH vessels which escaped into the effluent gas 
stream was determined by mass difference (Table 6).  
Based on the levels of total bromine collected in NaOH traps (Figure 25), CaO, 
CaCO3 and Fe2O3 provided the largest reduction in the amount of HBr evolved during the 
process. Zeolites (ZSM-5 and Y-Zeolite) and Al2O3 gave modest reductions in HBr 
evolution. The results are consistent with both TG-DTA-MS experiments and FactSage 
calculations with the exception of the Fe2O3 results. FactSage predicted the formation of 
equilibrium calcium bromides in the pyrolysis residue explaining this reduction in the 
case of CaO and CaCO3. This therefore, confirms the possibility of formation of calcium 
bromides among other processes (absorption etc.) as a possible mechanism of reduction 
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Figure 25 .Total bromine in NaOH traps. 
 
The same cannot be said of the Fe2O3 additive. Addition of Fe2O3 to the feed did 
not predict a reduced amount of HBr in evolved gas in the FactSage calculation. This was 
because, at equilibrium, formation of iron bromides was not the favored reaction. This 
means that the reduction HBr gas may not be by reaction in the case of Fe2O3 additive. 
The reduction in HBr evolution is possibly due to other mechanisms like absorption, etc.  
 
3.3 Total bromine mass balance 
 
To carry out a proper total Br mass balance, the amount of Br in solid residue, 
liquid oil, and NaOH needed to be determined. Table 6 is a summary of Br content of 
pyrolysis products with and with-out the CaO additive. 
 
Table 6. Total Br mass balance across the pyrolysis process 
 Br (g) η (%) 
 Char  Oil  NaOH Effluent gas Total   
PWBs 1.23 0.4820 0.510 1.9480 4.17  
PWBs 
with CaO 
3.97 0.0784 0.094 0.0276 4.17 
93 
Br in fresh waste PWBs = 4.17% (4.17 g on 100 g basis) 
 













                (2) 
 
where ηCaO is percent Br removal in effluent gas by addition of CaO, CBr is bromine 
content in effluent gas (gas from furnace before condensation of any oils) when no CaO 
is used, and CaOBrC is bromine content in effluent gas (gas from furnace before 
condensation of any oils) when CaO is added to waste PWB feed during pyrolysis. 
 
4.0 Conclusions  
 
Waste PWBs from obsolete personal computers were mechanically treated and 
pyrolyzed at 900 
o
C with inorganic chemical additives (CaO, CaCO3, Fe2O3, YZeolite, 
ZSM-5 and Al2O3) in TG-DTA-MS and tube furnace with the aim of reducing the Br 
content of the pyrolysis gas. It has been shown that approximately 93% of total Br can be 
removed from pyrolysis gas if CaO is added to waste PWB feed in the PWB-to-CaO 
weight ratio of 5:1. Moreover the amount of total Br in light pyrolysis oil was reduced by 
~82% when CaO was added to the pyrolysis process. Although the process shows 
promise, unfortunately, the total Br content of the heavy pyrolysis oil was only reduced 
by ~13%. CaO, CaCO3 and Fe2O3 have shown the greatest potential in improving the 
quality of the pyrolysis gas and could make the pyrolysis process more desirable as a 
greener treatment process for waste PWBs.  
It should be noted that XRD analysis of the pyrolysis residue did not yield 
conclusive results on which type of bromide phases are formed during pyrolysis. This 
was because the bulk of the phases present were non-crystalline and the amount of Br in 
original PWB was possibly not sufficient to produce metal bromide crystalline phases of 
sufficient quantity for detection by x-ray diffraction.  
The mechanism by which additives reduce HBr and other brominated gases is 
possibly by simple equilibrium reaction mechanism and absorption. However, more work 
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The leaching behavior of several of the metals present in waste printed wiring 
boards (PWBs) is evaluated with an emphasis on recycling through hydrometallurgical 
techniques. Nitric acid and aqua regia at varying concentrations have been used to 
evaluate the leaching behavior of Sn, Fe, Pb, Cu, Ba, Mn, Zn, Al, Ag, Ti, Mg, Ni, Sb, Sr, 
Au, Co, Cd, Mo, Pd, Cr, and Pt. The effects of acid concentration, particle size of sample, 
leaching time and temperature were examined. The results revealed that small particle 
sizes and a combination of both nitric acid and aqua regia were capable of dissolving 






Waste electric and electronic equipment (WEEE) [1]. has been called the “largest 
toxic waste problem of the 21
st
 century.” [2]. Included in this waste are discarded, surplus, 
or obsolete, electrical and electronic devices like computers, cell phones, washing 
machines, televisions, etc. The statistical data in January 2009 showed that in the United 
States more than 350,000 cell phones and 130,000 computers are discarded daily. This 
makes e-waste the fastest-growing part of the U.S. garbage stream [3]. Printed wiring 
boards (PWBs) are an essential part of almost all WEEE, accounting for approximately 
3% of all WEEE by weight [4]. PWBs, are a platform upon which microelectronic 
components like capacitors, semiconductor chips, etc. are mounted or etched, containing 
metals (~40 wt. %), ceramics (~30 wt. %) and plastics (~30 wt. %).[5] Of the metals, Cu, 
Pb, Zn, Fe, Cd, Be, Cr, Au, Pt, Pd, and Ag, are the most common. The plastic is mostly 
epoxy resins, which contain very toxic halogenated flame retardants (HFRs) [1]. 
Many countries have drafted legislation to improve the re-use and recycling of 
PWBs in order to reduce their disposal to land fill [1]. The driving force for recycling of 
PWBs is not only for environmental protection but also for the recovery of valuable 
components with the typical PWB containing 0.1 wt.% Au, 0.2 wt.% Ag, 20 wt.% Cu and 
4 wt% Sn [5]. However, PWBs are difficult to recycle because of the heterogeneous mix 
of metals, plastics and ceramics. Currently, PWBs are either sent directly to landfill or are 
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thermally treated (pyrometallurgically) and sent to landfill. Landfill disposal of waste 
PWBs is not an environmentally sound solution because it can lead to pollution of ground 
water systems through leaching [6]. Incineration and pyrolysis are the most common 
pyrometallurgical methods of PWBs treatment. However, incineration and pyrolysis can 
lead to formation of toxic halogenated compounds derived from HFRs contained in the 
PWB plastics causing serious air pollution [7-9]. Moreover, PWBs pyrolysis is an energy 
intensive process, creates a lot of slag, loss of precious metals, and difficulty in recovery 
of metals such as Al and Fe [10]. Hydrometallurgical methods are more exact, more 
predictable and easily controlled compared to their pyrometallurgical counter parts [11]. 
However, the hydrometallurgical processes proposed in literature also have a number of 
drawbacks such as significant generation of liquid wastes and slow kinetics [10]. 
Moreover, the proposed processes are complex and have until now focused on recovery 
of only a few metals like Cu, Zn, Pb, Sn, Ni and Au from waste PWBs.  
Hydrometallurgical recovery of metals from waste PWBs has been explored by a 
number of researchers.  
Kim et al. [10] studied the leaching behavior of Cu, Zn, Pb and Sn from waste 
PWBs using electro-generated chlorine in hydrochloric acid solution using two reactors 
(combined and separate reactor). They concluded that increase in current density and 
temperature increased the leaching rate of metals. 
Veit et al. [12], studied the recovery of Cu using mechanical processing and 
electrometallurgy.  He used size reduction, magnetic and electrostatic separation 
techniques to separate conducting parts of waste PWBs from non-conducting parts.  The 
conducting part was sent to electro-winning cells to recover Cu. 
Mecucci et al. [13], used both leaching and electrodeposition to recover Cu, Pb, 
and Sn from scrap printed circuit boards using nitric acid. He concluded that nitric acid 
was efficient in dissolution of Cu and Pb. Dissolution was pH dependent and metals were 
recovered by electrodeposition after dissolution. 
Rapid improvements in technology have led to decreasing amounts of precious 
metals and highly valuable metals in PWBs. Therefore, simple and economically feasible 
methods need to be developed to recover most of the metal content from waste PWBs. 
This will not only be economical, but will also reduce the amount of toxic metals such as 
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Pb, Cd, Sb, and Cr ending up in landfills. The kinetics of leaching of most of the metal 







Waste PWBs from obsolete personal computers were manually sorted, crushed 
using DSL-158 disintegrator and finally milled with DSL-115 disintegrator. The milled 
sample was separated into different fractions by particle size analysis: 0–125, 125–315, 
315–630, and >630 µm. This was done to physically concentrate the metal fraction of 
waste PWBs.  Particle sizes of 0 – 125 and 125 – 315 µm were chosen for the current 
study. Trace metal element grade reagents were used for leaching. The metal composition 
of waste PWBs was determined by dissolving 0.1000 g of waste PWBs of a given size 
fraction in 20 mL freshly prepared concentrated aqua regia for 7 h at 80 
o
C. The metallic 
composition in solution was measured by inductively coupled mass spectrometer (ICP-
MS). The metal element composition of waste PWBs (0 – 125 and 125 – 315 µm) is 




Leaching experiments were carried out in 50 mL disposable metal-free 
polypropylene vessels with hinged caps, at different acid concentrations (20 – 40% v/v), 
acid types (HNO3 and aqua regia) and at three different temperatures (20, 40, and 80 
o
C). 
A hotblock (ModblockTM) digestion system equilibrated at a desired temperature was 
used to control the leaching temperature. 0.2000 g samples of different particle sizes were 
added to 50 mL volume of a given acid at a given concentration in a digestion vessel. The 
leaching was then carried out in the hotblock at a 150 rpm agitation rate at the desired 





An Elan DRCe ICP-MS instrument (SCIEX, Perkin-Elmer) equipped with a 
cyclonic spray chamber/meinhard nebulizer/pt cones was used for analysis. The RF 
power was 1,500 W. Argon flow rates for the plasma and auxiliary gas were 15 and 1.0 
L/min., respectively. Samples were delivered at 1.0 mL/min. by peristaltic pump. The 
standard stock solutions for calibration were purchased from Perkin-Elmer. The initial 
instrument calibration was carried out at the concentration range of 0.1–100 ppb linear 




Table A. Metals Element Composition of Waste PWBs used in the Study 
Element Metal Element content (wt.%) 
 0–125 125–315 
Sn 7.64 8.06 
Fe 4.88 1.07 
Pb 5.70 5.39 
Cu 2.70 12.50 
Ba 2.30 0.18 
Mn 1.41 0.17 
Zn 1.32 0.59 
Al 1.20 4.67 
Ag 0.76 0.42 
Ti 0.68 0.06 
Mg 0.25 0.15 
Ni 0.20 0.08 
Sb 0.17 0.27 
Sr 0.04 0.01 
Au 0.04 0.004 
Co 0.03 0.002 
Cd 0.02 0.010 
Mo 0.01 0.008 
Pd 0.01 0.002 
Cr 0.01 0.004 
V 0.01 0.009 
Pt ~17.0 ppm ~2.9 ppm 




RESULTS AND DISCUSSION 
 
 
Effect of Particle Size 
From Table A, it is clear that the smallest particle size (0–125 µm) contains the 
higher fraction of noble metals (Ag, Au, Pd, and Pt). The larger size fraction (125–315 
µm) contained more Sn, Cu, Sb, and Al.  
Figure 1 shows the representation of the effect of particle size (mechanical pre-
treatment) on the recovery of metals from waste PWBs by leaching with 20% (v/v) aqua 
regia after 90 min. From Figure 1, it is apparent that the fraction with smallest particle 
size has the higher leaching rate. This affirms that the rates of waste PWBs dissolution 
are inversely proportional to particle size. Similar trends were obtained with HNO3. This 
is probably due to the highest surface area of the smallest particle size fraction exposed 
during leaching. Therefore, mechanical pre-treatment is a vital step in concentration of 
most metals and has a significant impact on the subsequent processes of metal recovery 
from waste PWBs. Moreover, precious metals (Au, Ag, Pd and Pt) were more 






























Figure 1. Dissolution of Cu and Sn from waste PWBs of different particle size 





Effect of Temperature 
The effect of temperature on the rate of dissolution of powdered waste PWBs was 
examined in the temperature range between 20 – 80oC with 20% (v/v) HNO3 at a shaking 
rate of 150 rpm and different leaching times. Figure 2 shows the effect of leaching 
temperature on Pb dissolution. Similar trends were true for almost all metals considered 
in this study. 
Higher leaching temperature increases the reaction rate, which in turn leads to an 
increase in the amount of metal dissolved. The highest leaching percentage of Pb was 
92% obtained at 80 
o
C within 90 min. This temperature was considered adequate for 
subsequent experiments.  
 
 

































Figure 2. Effect of temperature on Pb dissolution in 20% v/v HNO3. 
 
 
Effect of Leaching Time and Acid Type 
Figure 3 and 4 show the effects of the type of acid used and the leaching time on 
the dissolution rate of metals in waste PWBs. Figure 3 shows that the leaching percentage 
of metals in waste PWBs increases with leaching/dissolution time. For most of the metals, 
60 min. was enough to obtain the highest dissolution percentage at experimental 
conditions studied.  
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         a                                                                                b 
Figure 3. (a) and 3 (b). Kinetic curves of metal (s) leaching from 0–125 µm waste 
PWBs in 20% v/v HNO3, 80 
o
C and L/S=250 mL/g. 
 
 
Further, from Figure 3(a) and 3(b), Cu, Al, Cd, and Pb dissolution in 20% (v/v) 
HNO3 reached over 90% in 30–60 min. Moreover, Zn, Co, Sr, Ti, Ba, Ag and Mg 
dissolved to ~60% in 60 min. Cr, Mn, Fe, and Ni had dissolution percentages of less than 
50%. All precious metals except Ag had the least dissolution (< 20%) in 20% (v/v) HNO3.  
 
 


































































Leaching time (min.)  
       a                                                                        b 
Figure 4. Kinetic curves of metal (s) leaching from 0–125 µm waste PWBs in 
20 % v/v aqua regia, 80 
o




Similar dissolution percentages were obtained for most of the metal content of 
waste PWBs with a more vigorous acid (aqua regia) at the same experimental conditions 
as shown in Figure 4(a) and 4(b). However, Co, Pt and Sb in addition to Cu, Al, Cd, and 
Pb had dissolutions of over 90% in less than 60 min. Similarly, Zn, Ni, Fe, Sn, Mg and Sr 
achieved dissolutions of over 60% in aqua regia in 75 min. However, aqua regia had 
better dissolution percentages for the entire noble (precious) metal content of waste 
PWBs compared to HNO3 at similar conditions. This is shown in Figure 4(a) and 4(b), 
~80% Pt, ~30% Au and ~100% Pd. This indicates that HNO3 and aqua regia sequential 
multi-stage leaching (using HNO3 to leach out the non-noble and treating residue with 
aqua regia to recover the precious metals) may serve as a procedure for separating 
precious and base metals and could be crucial in metals recovery from waste PWBs. 
 
 
Effect of Acid Concentration 
Figure 5 is an example of the effect of acid concentration on the amount of metal 
dissolved. In 40% v/v aqua regia, most metals reached a dissolution percentage of over 
70% in 60 min. or less leaching time. There was substantial increase in the amount of 
precious metals dissolved and reduction in retention time compared to same condition 
with 20% aqua regia.  
 


































































        a                                                                     b 
Figure 5. Kinetic curves of metal (s) leaching from 0–125 µm waste PWBs in 
40 % v/v aqua regia, 80 
o





Understanding the influencing factors and mechanism of leaching of most metal 
content of waste PWBs are some of the major objectives of this study.  
The leaching of different metallic components from waste PWBs in nitric acid 
and aqua regia solutions includes a heterogeneous reaction as represented by Equations 1 
– 3. Assuming that waste PWBs particles have a spherical geometry and the chemical 
reaction is the rate determining step, the following expression of the “shrinking particle” 
model can be tested to describe the dissolution kinetics [14].  
 
1/3













For a flat surface, Equation 2 shows the expression for shrinking particle model. 
 
0 2.RW k t                   (2) 
 
where; 2 * [ ]R sk k A acid  
 
In the cases in which the chemical reaction is much faster than the diffusion, the 
leaching is said to be diffusion-controlled. The leaching mechanism often becomes 
diffusion-controlled when, during the leaching, a porous product layer forms on the 
surface of the particle to be leached. The mechanism of diffusion controlled leaching of a 
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Additionally, α is the fraction of metal reacted in time t (min.), r0 is the initial 
radius of waste PWB particle, W0 is the initial weight of waste PWBs, ρPWB is density of 
waste PWBs, AS is the surface area of a spherical particle, D is the diffusion constant, M 
is the molecular weight, β is the stoichiometric factor and kR1, kR2, kD are the apparent rate 
constants in units of min
-1
. 
According to Equations 1 and 2, when chemical reaction is the rate-controlling 
step, a plot of the left hand side of the equation versus time is a straight line with a slope 
of kR1 and kR2 for spherical particles and flat surface leaching respectively.  Similarly, a 
plot of the left hand side of Equation 3 against time is straight line for diffusion 
controlled leaching process. The slope is kD  
Figure 6(a), 6(b), 6(c), and 6(d) shows the fitting of the shrinking particle and 
core models for the leaching of Cu, Zn, Pb, and Ag from waste PWBs.  
For 20% HNO3, it is clear from the linear regression coefficients (R
2
) values that 
the leaching behavior of Cu, Zn, Pb and Ag fits the diffusion control—shrinking core 
model. However, the dissolution products/residue of waste PWBs will be monitored 
using SEM images in subsequent studies to confirm the formation of product layer and 
hence said mechanism.  
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                c                                                                     d 
Figure 6. Fitting of the shrinking particle and core models to different metal 
elements dissolution in HNO3. 
 
 
From Figures 7 (a) – (d), leaching of Zn in 20% v/v aqua regia (AR) fit the 
diffusion control model. However, Ag fit the chemical control—shrinking particle model 
in 20% aqua regia. For Cu, it was impossible to determine the leaching mechanism for 
Cu in 20% aqua regia since the linear regression coefficients were too low (<0.90) for the 
plots to be considered linear for this study. Moreover, Pb apparent rate constants 
conflicted with the regression coefficient values and hence the model could not be 
determined.  
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                    c                                                                   d 
Figure 7. Fitting of the shrinking particle and core models to different metal elements. 
 
 
Table B is a summary of the apparent rate constants for dissolution of Cu, Zn, Pb 
and Ag in both 20% v/v HNO3 and aqua regia at 80 
o
C. More studies are needed to 
confirm the mechanisms of leaching of waste PWBs with different leaching reagents. 
 
 
Table B. Apparent rate constants 







kR1(10-2 min-1) kD(10-2 min-1) R2kR1 R2kD 
HNO3 
80 
Cu 0.30 1.00 0.98 0.96 
Zn 0.08 0.38 0.93 0.88 
Pb 0.26 0.78 0.95 0.90 
Ag 0.13 0.49 0.97 0.94 
AR 
Cu 0.49 1.48 0.86 0.87 
Zn 0.14 0.52 0.93 0.90 
Pb 0.42 1.22 0.99 0.99 






Most of the metal content of waste PWBs can be separated from polymers, 
ceramics and other materials contained in PWBs by a combination of 20% v/v HNO3 acid 
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and aqua regia at 80 
o
C. It has been shown that HNO3 is capable of dissolving most non-
noble metallic parts of waste PWBs. Therefore, a process to recover the metal content of 
waste PWBs would include two stages: dissolution of most of the non-noble metals using 
HNO3, and using the residue from the first stage to dissolve precious and first stage to 
dissolve precious and other noble metals using 20 – 40 % v/v aqua regia. This multi-step 
sequential leaching would reduce the amount of metallic elements in solution and hence 
complexity of the solution fed to subsequent purification and separation processes. Size 
reduction has also proved to be an essential part of the separation process and the smallest 
size (0 – 125 µm) should be considered for high dissolution rates because of its high 
surface area exposed for reaction.  
An operating temperature of 80 
o
C gave better leaching percentages compared to 
20 and 40 
o
C. Diffusion has been determined as the most dominant leaching mechanism 
for most metallic elements in waste PWBs. This means the shaking rate of 150 rpm was 
not sufficient and hence improvement in stirring could give better leaching percentages 
instead of increase in acid concentration. Further leaching studies on the mechanism, 
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Recycling of base and precious metals from waste printed wiring boards (PWBs) 
is becoming more important due to depletion of natural ores and increased government 
regulation of disposal of electronic waste. In this study, the leaching behavior of metals 
(Cu, Zn, Ni, Co, Fe, Cd, Sn, Sb, Ba, Pb, Mg, Al, Ti, V, Cr, Mn, Au, Ag, Pd, and Pt) from 
waste PWBs is evaluated before and after thermal treatment using nitric acid, 
hydrochloric acid, aqua regia, and thiourea. The effects of particle size, temperature, 
lixiviant concentration, liquid-to-solid ratio, leaching time, and thermal pretreatment of 
waste PWBs were evaluated.  
The affinity of each metal for the leaching in a particular lixiviant solution was 
roughly divided into four classes: predominantly leached in nitric acid (Cu, Ni, Pb, Mg, 
and Ag), predominantly leached in hydrochloric acid (Zn, Co, Fe, Sn, Sb, Ba, Ti, V, Cr, 
and Mn), predominantly leached in aqua regia (Au, Pt, and Pd), predominantly leached in 
either nitric or hydrochloric acid (Cd, Co and Al). It has been shown that sequential 
leaching with hydrochloric or nitric acid in step one and then aqua regia in step two is the 
best method of chemical separation of base and precious metals. The leaching data has 
shown that nitric and hydrochloric acid in a concentration range of 3–6 M is capable of 
effective leaching of more than 60% most base metals from waste PWBs. Moreover, the 
liquid-to-solid ratio of 25 mL/g and 15–30 min time was adequate to reach the apparent 
leaching equilibrium for most metals in solution. Higher leaching amounts were obtained 
for thermally pretreated waste PWBs.  
 
1. Introduction  
 
Approximately 20–50 million tons of electronic waste (e-waste) are produced 
globally every year. Waste electrical and electronic equipment (WEEE) or e-waste is one 
of the fastest growing waste streams in the world. In developed countries, it equals 
approximately 1% of total solid waste [1]. The growing stockpile of used and obsolete 
consumer electronics has been called the “largest toxic waste problem of the 21st 
century”[2]. Printed wiring boards (PWBs) are an essential part of almost all WEEE, and 
accounts for approximately 3% of all e-waste by weight [3]. PWBs are a platform upon 
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which microelectronic components are mounted. Waste PWBs contain metals (~40 wt. 
%), ceramics (~30 wt. %) and polymers (~30 wt. %) [4]. The metallic part includes: 
precious metals (Au, Ag, Pd, and Pt) and base metals (Cu, Pb, Fe, Ni, Cd, Sn, Sb, Ba, Zn, 
Mn, Al, Ti, Mg, Sr, Co, Mo, Cr, V, Se, etc.[5]). The polymer or plastic part of the waste 
PWBs is mostly epoxy resins with halogenated flame retardants [6].  
Waste PWBs materials are potentially harmful to human life if they are not 
refurbished, recycled or disposed of in an environmental friendly manner. Many 
countries have drafted legislation to improve the re-use and recycling of PWBs in order 
to reduce landfill [6]. The driving force for recycling of PWBs is not only for the 
protection of the environment but also for the recovery of valuable components, namely: 
0.004–0.04 wt.% Au, 0.42–0.76.wt.% Ag, 2.7–12.5 wt.% Cu and 8 wt% Sn [5]. 
However, PWBs are difficult to recycle because of the heterogeneous mix of metals, 
polymers, and ceramics. In the past decades, waste PWBs recycling has been based on 
pyrometallurgy, a highly polluting recycling technology, which causes a variety of 
environmental problems. Moreover, contemporary research activities on recovery of base 
and precious metals from waste PWBs are focused on hydrometallurgical techniques 
since they are more exact, predictable, and easily controlled. 
Kamberovic et al. [7] mechanically pretreated waste PWBs and leached them with 
nitric acid. The pouring density, percentage of magnetic fraction, particle size 
distribution, metal content, and leachability were determined using optical microscopy, 
atomic absorption spectrometry (AAS), X-ray fluorescence spectrometry (XRF), and 
volumetric analysis. Three hydrometallurgical process options for recycling of Cu and 
precious metals from waste PWBs were proposed and optimized. Kim et al. [8] studied 
the kinetics of Cu, Zn, and Sn leaching from waste PWBs using electro-generated 
chlorine in HCl solution. He described the dissolution kinetics of Cu in electro-generated 
chlorine as following empirical logarithmic law controlled by surface diffusion. Jing-ying 
et al. [9] reported the leaching behavior of Au and Ag from waste PWBs of mobile 
phones using thiourea with Fe
3+
. He obtained 90% Au dissolution and 50% Ag after 2 h 
leaching with 0.32 M thiourea and 0.6% Fe
3+
. 
Hydrometallurgy has a number of drawbacks including significant generation of 
liquid wastes and slow kinetics [8]. Zhu et al. [10] reported the effects of initial pH, 
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initial Fe(II) concentration, metal concentrate dosage, particle size, and inoculation 
quantity on the bioleaching of metal concentrates of waste PWBs by a mixed culture of 
acidophilic bacteria. At a pH of 2.00, 12 g/L initial Fe(II), 12 g/L metal concentrate 
dosage, 10% inoculation quantity, and 60–80 mesh particle size, leaching efficiencies of 
Cu, Al, and Zn of 96.8%, 88.2%, and 91.6% respectively were achieved in 45 h.  
Havlik et al. [11] reported the effect of thermal pretreatment on the leaching 
behavior of copper and tin contained in waste PWBs. He thermally treated waste PWBs 
in the temperature range of 300–900 oC. Using 1 M HCl acid at 80 oC, he leached both 
the original and thermally treated waste PWBs. Copper and tin extractions in solution 
were enhanced by pyrolysis pretreatment of waste PWBs. Moreover, Zhou et al. [12] 
patented a process of recovering precious metals (Ag, Au, and Pd) from electronic waste 
containing plastics. The scrap was heated at 400–500 oC for 8–12 h to burn off plastics, 
and the crude metal residue was treated with HCl or H2SO4 at 90 
o
C to dissolve the base 
metals. After filtration, the residue was leached in dilute HNO3 at 60 
o
C to dissolve silver. 
The remaining residue was leached with HCl and NaClO3 solution to recover gold and 
palladium. 
The proposed hydrometallurgical methods for metals recovery are complex and 
have mainly focused on recovery of Cu. However, waste PWBs contains over 20 
different metal elements [5, 6, 8, 10, 13] and developing new plausible recovery methods 
requires an understanding of the kinetics of the entire leaching process. Selection of the 
leaching solution (lixiviant) is another concern when the hydrometallurgical recycling 
route of waste PWBs is chosen. 
The objective of this work is to study the recovery of most of the precious and 
base metal content of waste PWBs using HNO3, HCl, aqua regia, and thiourea. This will 
include an evaluation of the effects of leaching time, particle size, temperature, acid 
concentration, liquid-to-solid ratio, thermal treatment (pyrolysis) before leaching, and 











Waste PWBs from obsolete personal computers were manually sorted, crushed 
using DSL-158 disintegrator and finally milled with DSL-115 disintegrator. The milled 
sample was separated into different size fractions by particle size analysis: 0–125, 125–
315, 315–630, and >630 µm. Particle sizes 0–125 and 125–315 µm were chosen for the 
current study because preliminary chemical analysis indicated that most metals were 
contained in these fractions [14]. Only trace metal element (analytical) grade reagents 
were used during leaching process. 
 
2.2.  Metal elements composition 
 
The total metallic composition of the waste PWBs is given in Table 1. This was 
determined by digesting 0.2000 g of waste PWBs of a given size fraction in 20 mL 
freshly prepared concentrated aqua regia for 7 h at 80 
o
C. The metallic composition in 
solution was measured by inductively coupled mass spectrometer (ICP-MS).  
 
2.3. Methods  
 
2.3.1. Leaching before thermal treatment 
Leaching experiments were carried out in 50 mL disposable, metal-free, 
polypropylene tubes. A hot block (Modblock
TM
) digester was used to maintain the 
temperature. The lixiviant concentration (0.05–6 M), lixiviant type (hydrochloric acid, 
nitric acid, aqua regia, and thiourea), liquid-to-solid ratio (25–250 mL/g), time (0–90 
min.), and temperatures (20, 40 and 80 
o
C) were examined. The maximum leaching time 
of 90 min. was selected based on our previous work [5] and a constant agitation speed of 





2.3.2. Leaching after thermal treatment 
Waste PWB samples were treated by a pyrolysis process to reduce the amount of 
organic polymers present [12, 14]. A waste PWB sample (50 g) was heated at 15 
o
C/min. 
under argon gas flow at 200 mL/min to 900 
o
C. The sample was then held at 900 
o
C for 
120 min. after which the sample was cooled to room temperature. Leaching was then 
carried out on the pyrolysis residue. 
 
2.3.3. Sequential extraction 
Preliminary leaching studies on similar samples from our research group [5] have 
shown that nitric and hydrochloric acids are capable of leaching most base metals 
contained in waste PWBs. Hydrochloric acid is a less oxidizing acid compared to nitric 
acid. Hydrochloric acid can dissolve Pb, Cd, Co, and other base reactive (non-noble) 
metals. However, noble metals like like Cu and Ag can be leached with nitric acid but not 
hydrochloric acid. This is because nitric acid is a strong oxidizing agent capable of 
corroding most of the base metals [15]. Moreover, aqua regia (a stronger oxidizing acid 
than nitric) is capable of dissolving more noble metals like gold, platinum, and palladium 
compared to HCl and HNO3.  
In this study, waste PWBs metal dissolution was performed in a two stage 
sequential process to determine the effect of dissolving waste PWBs with nitric and aqua 
regia in series. Sequential dissolutions were conducted on 0.800 g of powder waste 
PWBs and 50 mL lixiviant solutions. In the first step, 0.800 g waste PWBs was dissolved 
in 50 mL of 20% v/v (3 M) nitric acid, the residue was dried and weighed. The dried 
residue was then leached in 50 mL of 40% v/v aqua regia in step 2. The metals dissolved 
at each step were determined by ICP-MS. 
 
2.3.4. Determination of percent metal leached  
The leaching (extraction) percentage of metallic components contained in waste 







              (1) 
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where Ct is the amount (mg/g) of any metallic component in solution at any time, t 
divided by original weight of PWBs and CPWBs is the total amount (mg/g) of metallic 
component in original waste PWBs.  
 
Table 1. Metal elements composition (%) of waste PWBs used in the current study. 
Particle Size (µm) 0–125  125–315  
Sn 6.64 8.06 
Fe 4.88 1.45 
Pb 5.70 5.39 
Cu 2.58 11.7 
Ba 2.11 0.26 
Mn 1.25 0.17 
Zn 1.32 0.89 
Al 1.53 4.19 
Ti 0.63 0.06 
Mg 0.25 0.17 
Ni 0.18 0.07 
Sb 0.26 0.28 
Sr 0.06 0.02 
Co 0.03 0.003 
Cd 0.02 0.009 
Mo 0.04 0.033 
Cr 0.009 0.0064 
V 0.015 0.012 
Se 0.117 0.031 
Ag 0.91 0.40 
Au 0.04 0.01 
Pd 0.01 0.002 
Pt 0.003 0.0014 
Note: waste PWBs were provided by Jaan Kers et al. [16] from Tallinn University of 
Technology, Estonia.  
 
2.3.5. ICP-MS metal analysis 
An Elan DRCe ICP-MS instrument (SCIEX, Perkin-Elmer) equipped with a 
cyclonic spray chamber was used for the elemental metal analysis of leach solutions from 
waste PWBs. The RF power was 1,500 W. Argon flow rates for the plasma and auxiliary 
gas were 15 and 1.0 L/min., respectively. Samples were delivered at 1.0 mL/min. by 
peristaltic pump. The standard stock solutions for calibration were purchased from 
Perkin-Elmer. The initial instrument calibration was carried out at the concentration 
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range of 0.1–100 ppb linear range. Internal standards were added continuously online as a 
mixture.  
 
3. Results and discussion 
 
3.1. Leaching with nitric acid (HNO3) before thermal treatment 
 
Waste PWBS from mechanical treatment and screen analysis were leached in 
nitric acid before the pyrolysis pretreatment step. 
 
3.1.1. Retention (leaching) time 
Figure 1 shows the effect of leaching time on the dissolution (leaching) of metals 

























































































































Figure 1. Effect retention time on dissolution rate of waste PWBs (0-125 µm) in 3 M 
HNO3 and L/S = 100 mL/g. 
 
Because of presence of several metal elements in waste PWBs, the leaching 
behavior in HNO3 acid has been divided into four plots—Figures 1(a)–1(d). It can be 
seen from Figure 1 that the dissolution rate increases with time until it reaches the 
maximum value and remains constant for the rest of the leaching process. For Fe, Co, Ni, 
Cu, Zn, Cd, Sn, Sb, Pb, Ag, Pt, and Au, the maximum amount dissolved was reached in 
approximately 15 min. Similar Pb (contained in waste PWBs) dissolution rates in 3 M 
nitric acid were reported by Mecucci et al. [15]. Mecucci et al. [15] reported that the 
dissolution times of Pb increased to 6h when nitric acid concentration was reduced to 1 
M. Other metal elements (Ba, Mg, Al, Ti, V, Cr, Mn, and Pd) in Figure 1 reached the 
maximum dissolution amount after 90 min.  
The use of 3 M nitric acid resulted in a high degree of leaching (70–100%) of Cu, 
Cd, Pb, Al, and Mg while Co, Ni, Zn, and Cr were leached at a lower rate (40–70%). 
However, precious metals (Pd, Ag, Pt, and Au), Fe, Sn, Sb, Ti, V, and Mn had very low 
dissolutions (less than 20%) in 3 M nitric acid. For precious metals, this is expected since 
they are less chemically active (noble) and need a more oxidizing acid like aqua regia or 
special lixiviant (thiourea, thiosulfate, etc.) [17]. Moreover, the oxidizing tendency of 
HNO3 may be the reason for the low recoveries in solution of Fe and Sn. This is because 
Fe and Sn form passive metal oxide layers in the presence of concentrated HNO3 acid. 
This is certainly the reason why Pb has a higher leaching rate (>80%) compared to Sn 




3.1.2. Effect of particle size, Dp 
The effect of particle size on the percent leaching of metals contained in waste 
PWBs is shown in Figure 2. A higher leaching percentage at fixed conditions is expected 
for particles with smaller particle size since more surface area is exposed for acid solution 
attack. However, there was little, and in some cases no difference, in the reaction rates 
between small and large particle sizes considered in this study. The small difference 
observed can be attributed to negligible differences in particle sizes of analyzed samples. 
Souza et al. [18] observed similar results when he studied the leaching kinetics of 
zinc silicate calcine in sulfuric acid. This might be due to the fact that the waste PWB 
particles considered had a small difference in size and because of the heterogeneity of 
waste PWBs. Moreover, in the case of Ni, Co, and Ba, the reaction rate increased slightly 



































































































































Figure 2. Effect of particle size on the metal leaching of waste PWBs. 
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3.1.3. Effect of temperature 
The effect of temperature on the rate of dissolution of waste PWBs was examined 
by leaching at 25, 40, and 80 
o
C. Figure 3 shows that the dissolution rate of Ba, Mg, Al, 
Ti, V, and Cr increases substantially with temperature. A much faster dissolution rate was 
obtained at 80 
o
C than at room temperature (25 
o
C). The increment in dissolution rate was 
rather insignificant for Cu, Zn, Ni, Co, Fe, Cd, Sn, Sb, Ba, Pb, Mn, and precious metals 
(Au, Ag, Pd, Pt). Therefore, the temperature effect could be employed to selectively leach 
out different metals contained in waste PWBs—Cu, Cd, and Pb leach well at low 
temperature in nitric acid compared to say Ba, Ti, V, Mn and precious metals. A 
temperature of 80 
o
C was chosen as the best temperature for subsequent experiments.  
 
3.1.4. Effect of acid concentration 
Figure 4 shows the effect of nitric acid concentration on the percent dissolution of 
metals. The rate of leaching of metals from waste PWBs generally increases with nitric 
acid concentration. However, the effect was small for Cu, Zn, Ni, Co, Fe, Cd, Sb, Ba, Pb, 
Mg, Al, Ti, V, Cr, Mn, Au, Ag, Pd, and Pt. This trend was previously reported by 
Mecucci et al. [15] and Luyima et al. [5]. Mecucci et al. [15] reported that above the 3 M 
nitric acid concentration, the variation in the dissolution rate of Pb contained in waste 
printed wiring boards was small. Moreover, Figure 4 shows that at 3 M nitric acid 
concentration, the amount of Cu, Cd, and Al in solution reached 100%, whereas Pb and 
Mg reached 83% and 75% respectively. At nitric acid concentrations above 3 M, there is 
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Figure 3. Effect of temperature on waste PWBs (0-125 µm) metals dissolution in 
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Figure 4. Effect of nitric acid concentration on leaching of waste PWBs (0-125 µm) 
metals. 
 
3.1.5. Effect of liquid-to-solid (L/S) ratio 
Figure 5 shows the effect of the liquid-to-solid (L/S) ratio during leaching of 
waste PWBs with 3 M HNO3 acid. Increasing the L/S has the same effect as increasing 
the concentration of the acid, since more acid is available to react. The effect of L/S on 
the most metals dissolution in 3 M nitric acid was found to be insignificant. A L/S ratio 
of 25 mL/g was found to be adequate for the recovery of Cu, Cd, Pb, and Al. However, 
for Ni, Co, Sn, Mg, Cr, and Ag, the amount dissolved increased with L/S and the 
























































































































































Figure 5. Effect the L/S ratio on leaching of waste PWBs (0-125 µm) metals in 
3 M HNO3. 
 
3.2. Leaching with Hydrochloric acid (HCl)before thermal treatment 
 
3.2.1. Effect of retention (leaching) time 
Figure 6 shows the effect of leaching time on the dissolution rate of metals in 4 M 
hydrochloric acid at 80 
o
C. It can be seen from Figure 6 that the dissolution rate gradually 
increased with time until it reached the maximum value and remained constant for the 
rest of the leaching period. For most metals, 60 min. was enough to obtain the maximum 
dissolution. With 4 M hydrochloric acid, it is possible to obtain 100% dissolution of Fe, 
Zn, Cu, and Al after 90 min.  
The use of 4 M hydrochloric acid resulted into a relatively high degree of leaching 
(70–90%) of Co, Ni, Pb, V, and Cr while Cu, Ba, Sb, Ti, Mg, and Mn were also leached 
considerably (40–70%). However, precious metals (Pd, Ag, Pt, and Au) had the lowest 
percent dissolutions (less than 20%) in 4 M nitric acid. For precious metals, this is 
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Figure 6. Effect of time on leaching of waste PWBs (0-125 µm) in 4 M HCl and 
L/S = 100 mL/g. 
 
3.2.2. Effect of particle size, Dp 
Figure 7 is representative of the effect of particle size (mechanical pre-treatment) 
on the recovery of metals from waste PWBs by leaching with hydrochloric acid. It can be 
observed that the dissolution rate of metals contained in waste PWBs decreased with an 
increase in particle size of waste PWBs. Therefore, waste PWBs metal dissolution is 


















































































































Figure 7. Effect of particle size on the metal leaching of waste PWBs using 2.5 M 
HCl at 80 
o
C and 250 mL/g. 
 
3.2.3. Effect of temperature 
The effect of temperature on the rate of dissolution of waste PWBs in 
hydrochloric acid was examined at 25, 40, and 80 
o
C. Figure 8 shows the rate of 
dissolution of all waste PWB metals increased significantly with temperature. When 
temperature was increased from 25 to 80 
o
C, the recovery of Cu, Zn, Ni, Co, Fe, Cd, Sn, 
Sb, Ba, Pb, Mg, Al, Ti, V, Cr, and Mn. The increment was rather insignificant for 
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Figure 8. Effect of temperature on waste PWBs (0-125 µm) metals dissolution 
using 2.5 M HCl, 80 
o
C and 250 mL/g. 
 
3.2.4. Effect of liquid-to-solid (L/S) ratio 
Figure 9 shows the effect of L/S during leaching of waste PWBs with 
hydrochloric acid. The effect of L/S on most of the metals dissolution in 4 M 
hydrochloric acid was found to be insignificant. Even at the lowest L/S ratio of 25 mL/g, 
all base and precious metals approached their approximate maximum percent dissolution. 
This ratio was adequate in achieving over 60% dissolution of Zn, Ni, Co, Fe, Cd, Sn, Pb, 
Mg, Al, Ti, Cr, and Mn. Very low dissolution or leaching of Au, Ag, Pd, and Pt was 
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Figure 9. Effect of the L/S ratio on the leaching of waste PWBs (0-125 µm) metals 
in 4 M HCl. 
 
3.3. Leaching with aqua regia before thermal treatment 
 
Aqua regia is a strong oxidizing acid made from a mixture of three parts 
concentrated hydrochloric acid and one part concentrated nitric acid. It has been applied 
in the dissolution and recovery of gold and silver from their ores [17]. Note: since aqua 
regia cannot be chemically represented in moles per liter (M), the concentration in this 
work is presented in percent volume (% v/v). In this work, aqua regia was freshly 
prepared from 35.5% w/w hydrochloric and 68.5% w/w nitric acid.  
 
3.3.1. Retention (leaching) time 
Figure 10 shows the effect of time on the dissolution rate of metals contained in 
waste PWBs in 20% v/v aqua regia at 80 
o
C. For all of the metals considered in this 
study, the maximum dissolution was generally reached after approximately 30 – 60 min. 
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The use of 20% v/v aqua regia resulted into 100% leaching of V, Cr, Co, Cu, Cd, and Pd 
while Mg, Zn, Ni, Pb, Sn, and Pt were leached (60–80%). There was modest (40–50%) 
leaching amounts for Sb, Ba and Fe. However, Ag, and Au had very low dissolutions 
(less than 40%) in 20% v/v aqua regia. For Ag, this is expected because aqua regia is 
incapable of dissolving Ag [19]. 
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Figure 10. Effect retention time on dissolution rate of waste PWBs (0-125 µm) 
in 20 v/v % aqua regia and L/S = 250 mL/g. 
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3.3.2. Effect of temperature 
Figure 11 shows the rate of dissolution of Cu, Cd, Pb, Co, Ni, Ba, Au, Ag, Pd and 
Pt with aqua regia increases significantly with temperature. The optimum leaching 
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Figure 11. Effect of temperature on waste PWBs (0–125 µm) metals dissolution 
using 20% v/v aqua regia (AR), 80 
o
C and 250 mL/g. 
 
3.3.3. Effect of acid concentration on precious metals leaching 
Figure 12 shows that at doubling aqua regia concentration from 20 to 40% v/v had 
very little effect on the amount of base metals dissolved. However, the amount of Au, 
Ag, and Pt increased substantially. With 40% v/v aqua regia (Figure 12 d), more than 
80% of Au, Pd, and Pt contained in original waste PWBs are dissolved in solution. This 
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Figure 12. Effect of aqua regia concentration (20–40% v/v) on waste PWBs 
(0–125 µm) precious metals dissolution at 80 oC and 250 mL/g. 
 
3.4.  Acidic thiourea leaching before thermal treatment 
 
Thiourea [SC(NH2)2] is one of the promising chemicals used in the recovery of 
Au and Ag in aqueous solutions [9]. This is because of its low toxicity and faster reaction 
kinetics for Au and Ag leaching in acidic environment. As a trial experiment, Figure 13 
shows the dissolution rate of precious metals (Au, Ag, Pd, and Pt) contained in waste 
PWBs in acidic thiourea. Au reached 100% dissolution in 15 min. However, Ag 
dissolved to only 12% for an unknown reason but may be possibly due to the presence of 
significant other metallic components in solution which might have already reacted and 
blocked Ag dissolution or these other metallic components might have a negative 
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Figure 13. Effect retention time on dissolution rate of precious metals contained 
in waste PWBs (0-125 µm) in 0.05 M thiourea at PH = 1.3, 




3.5.  Leaching after thermal treatment(pyrolysis) 
 
Waste PWBs were heated at 900 
o
C for 120 min in an inert environment to reduce 
the amount of polymers present [11]. The residue left after the pyrolysis process was then 
leached using both nitric and aqua regia. 
Figure 14 shows the kinetic curves from the leaching of un-pyrolyzed and 
pyrolyzed (residue) waste PWBs in nitric acid. The amount leached of Ni, Co, Fe, Sn, Sb, 
Ba, and Mn increased substantially with waste PWBs that were first pyrolyzed. Havlik et 
al. [11] reported similar results for Cu and Sn when he pyrolyzed waste PWBs and then 
leached them with 1 M HCl at 80 
o
C. It was further suggested that, the increase in the 
leaching amounts was due to exposure of more Cu and Sn surface areas (after the 
decomposition of plastics/polymers at high temperature).  
For the rest of the metals studied, there was a minor increment or reduction in the 
amount of metal dissolved. The reason for the large reduction in Zn, Cd, Ti, and V 
dissolution after pyrolysis was not ascertained. It is possible that they formed oxides 
reducing reactivity or these metals were concealed in carbon formed during the 
carbonization process which takes place during pyrolysis.  
Similarly, Figure 15 shows the kinetic curves from the leaching of un-pyrolyzed 
and pyrolyzed waste PWBs in aqua regia. Pyrolysis had a larger impact on dissolution of 
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base and precious metals in aqua regia.  There was a large increase in the percent 
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Figure 14. Effect of thermal treatment on the nitric acid dissolution of metals from 
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Figure 15. Effect of thermal treatment on the dissolution of metals from waste 
PWBs in aqua regia. 
 
Figure 16 shows the scanning electron microscopy (SEM) image and energy 
dispersive X-ray (EDX) plot for waste PWBs before pyrolysis.  
 







































Figure 16. SEM-EDX analysis of waste PWBs before pyrolysis. 
 
Figure 17 shows the SEM image and EDX plot for waste PWBs after pyrolysis. 
Comparing the two SEM images in Figures 16 and 17, the SEM image before pyrolysis 
(Figure 16) is made up of mixture of metals, oxides, and polymers. This can also be 
observed in the morphology of the waste PWB particles; waste polymers do not have a 
spherical or rod-like appearance. On the other hand, after pyrolysis (Figure 17) the 
majority of waste PWB particles with a spherical and rod like morphology are exposed. 
Therefore, after thermal treatment, more metal particles are exposed (increased surface 
area for acid reaction). It is due to this increased surface area for the waste PWB metals 
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and oxides that lead to increased dissolution rates. The results of leaching of pyrolysis 
residue (PWB after thermal treatment) is in agreement with leaching results reported by 
Havlik et al [11]. The rod-like particle have similar chemical composition to the spherical 
particles. 
 






































Figure 17. SEM-EDX analysis of waste PWBs after pyrolysis. 
 
3.6.  Comparison of leaching of different acids  
 
Figure 18 shows the comparison of nitric, hydrochloric, and aqua regia during 



























































































































Figure 18. Effect of the type of acid used on the metals dissolution from waste 
PWBs (0–125 µm) at 80 oC and 250 mL/g. 
 
Aqua regia is very oxidizing and aggressive and is rarely used in the dissolution 
of base metals in industry. Therefore, only nitric and hydrochloric acids are compared for 
waste PWBs base metal leaching. It can be seen from Figure 18 that nitric acid gave the 
best percent dissolution of Cu, Ni, Pb, Mg, and Ag compared to hydrochloric acid at 
same concentration (% v/v), L/S ratio, temperature, and time. The reason nitric is better 
for copper and silver leaching is because of its strong oxidizing ability compared to 
hydrochloric acid [15, 20].  
It is interesting to note that, at similar conditions, the highest leaching amount of 
Zn, Co, Fe, Sn, Sb, Ba, Ti, V, Cr, and Mn were obtained with hydrochloric acid. In the 
case of Sn, it forms an insoluble stannic oxide (precipitate) with nitric acid. That is why 
Sn dissolves better with hydrochloric acid. 
For Cd, Co, and Al, the dissolution rate was similar with either nitric or 
hydrochloric acid. Moreover, for precious metal dissolution from waste PWBs, aqua 
regia was the best choice since it gave the highest percent metal dissolved. 
 
3.7. Sequential leaching  
It has been shown that HNO3 and HCl are capable of leaching most base metals 
contained in waste PWBs. However, aqua regia and acidic thiourea were the only 
lixiviants capable of dissolution of precious metals to significant amounts. In order to 
demonstrate the possibility of selective dissolution of base and precious metals contained 
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in waste PWBs, sequential leaching with different acids was performed. Waste metal 
dissolution was performed in a two stage sequential process as mentioned in the 
procedure section. Table 2 summarizes the amount of precious metals present in solution 
after a given step. Sequential dissolutions were conducted on 0.8 g of powder waste 
PWBs and 50 mL lixiviant solutions. In the first step, 0.8 g waste PWBs was dissolved in 
50 mL of 3 M (20% v/v) HNO3, the residue was weighed and dried. The dried residue 
was then leached in 50 mL of 40% AR in step two.  
 
Table 2. Sequential leaching table. 
Metal Total amount in 
original waste 
PWB (mg/g)  
Step 1 
% leached 
Step 2  
cumulative % 
leached 
Au 0.42 2.38 100 
Ag 7.8 3.46 38 
Pd 0.14 2.00 100 
Pt 0.0197 1.57 71 
0.8 g leached with 3M HNO3 and solid residue is dried and leached with 40% AR.  
 
Sequential leaching results in Table 2 shows that the dissolution of waste PWBs 
in HNO3 only dissolves base metals and leaves precious metals in residue (Step 1). 
Dissolution of the residue in Step 2 dissolves most precious metals. Therefore, a two-step 
sequential process can be used to separate base and precious metals from waste PWBs.  
 
4. Conclusions  
 
The leaching behavior of metals from waste printed wiring boards was studied 
using nitric and hydrochloric acid, aqua regia, and thiourea. The affinity of each metal for 
leaching is roughly divided into four classes.  
 Class one (Cu, Ni, Pb, Mg, and Ag) included metal elements which predominantly 
dissolved (70–100%) with nitric acid. 
 Class two (Zn, Co, Fe, Sn, Sb, Ba, Ti, V, Cr, and Mn) included metal elements with 
better dissolutions (70–100%) in hydrochloric acid. 
 Class three (Au, Pt, and Pd) included metals with high dissolution rates (35–100%) 
in aqua regia. 
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 Class four included Cd, Co and Al which showed very good dissolutions (90–100%) 
in both nitric and hydrochloric acids. 
According to the four categories above, it has been shown that sequential leaching 
with hydrochloric or nitric acid in step one and then aqua regia in step two is the best 
method of chemical separation of base and precious metals.  
  The leaching data has shown that nitric and hydrochloric acid in a concentration 
of 3–6 M, is capable of effective leaching of most base metals from waste PWBs. 
Moreover, the liquid-to-solid ratio of 25 mL/g and 15–30 min time was adequate to reach 
the apparent leaching equilibrium for most metals. Higher leaching amounts were 
obtained for thermally pretreated waste PWBs.  
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2. CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK 
 
This work investigated the recycling and treatment of waste printed wiring boards 
(PWBs) from an obsolete mixture of personal computers using the pyrolysis and leaching 
processes.  The following is a summary of the work done and the conclusions drawn from 
it:  
 The preliminary analysis of the thermal degradation (pyrolysis) of waste PWBs 
was investigated using the TG-DTA-MS in the temperature range between 25–
900 
o
C. The aim of the study was to obtain preliminary information on the type 
and kind of gases emitted during pyrolysis of waste PWB and waste PWB-
inorganic chemical additive mixtures (CaO, CaCO3, Fe2O3, Y-Zeolite, ZSM-5 and 
Al2O3). CaO and CaCO3 were the most effective additives in reducing the amount 
of HBr evolved during the pyrolysis of waste PWB. This suggests that the most 
basic oxide inorganic chemical additives reacted with HBr and hence reducing its 
amount in the gas stream. It was shown that a weight ratio of PWB to additive of 
five is adequate for inhibiting most of the brominated gases. The abundance of 
H2, CO, CH4 and H2O in the pyrolysis gaseous stream means that pyrolysis of 
waste PWBs has a potential as an energy resource.  
 Further, the effects of inorganic chemical additives (CaO, CaCO3, Fe2O3, Y-
Zeolite, ZSM-5 and Al2O3) on pyrolysis gases emitted were investigated on large 
scale using a laboratory scale tube furnace. It has been shown that approximately 
93% of total Br can be removed from pyrolysis gas if CaO is added to waste PWB 
feed in the PWB-to-CaO weight ratio of 5:1. Moreover, FactSage equilibrium 
calculations indicated that approximately 79% of HBr is reduced if CaO is added 
to pyrolysis process. The present results suggest that the addition of these oxides 
reduce HBr gas by mainly equilibrium reaction mechanism. The additional Br 
amount (17%) removed is possibly due to absorption or other kinetic factors.  
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 The mechanism by which additives reduce HBr and other brominated gases is 
possibly by simple equilibrium reaction mechanism and absorption. However, 
more work is needed to fully characterize the solid residue(s) and hence confirm 
these mechanisms.  
 XRD analysis of the pyrolysis residue did not yield conclusive results on which 
type of bromide phases are formed during pyrolysis. This was because the bulk of 
the phases present were non-crystalline and the amount of Br in original PWB 
was possibly not sufficient to produce metal bromide crystalline phases of 
sufficient resolution. Additionally, the amount of total Br in light pyrolysis oil 
was reduced by ~82% when CaO was added to the pyrolysis process. Although 
the process shows promise, the total Br content of the heavy pyrolysis oil was 
only reduced by ~13%. CaO, CaCO3 and Fe2O3 have shown the greatest potential 
in improving the quality of the pyrolysis gas and could make the pyrolysis process 
more desirable as a greener treatment process for waste PWBs. 
 The leaching behavior waste printed wiring boards (PWBs) before and after 
thermal degradation (pyrolysis) was studied using nitric and hydrochloric acid, 
aqua regia, and thiourea. The main objective was to obtain kinetic leaching data 
which could be used as a basis for recovering metal elements contained in waste 
PWBs. It has been found out that the affinity of each metal (in waste PWBs) for 
acid leaching is roughly divided into four classes: 1) Class one (Cu, Ni, Pb, Mg, 
and Ag) included metal elements which predominantly dissolved (70–100%) with 
nitric acid. 2) Class two (Zn, Co, Fe, Sn, Sb, Ba, Ti, V, Cr, and Mn) included 
metal elements with better dissolutions (70–100%) in hydrochloric acid. 3) Class 
three (Au, Pt, and Pd) included metals with high dissolution rates (35–100%) in 
aqua regia. 4) Class four included Cd, Co and Al which showed very good 
dissolutions (90–100%) in both nitric and hydrochloric acids. 
 The leaching data has shown that nitric and hydrochloric acid in a concentration 
of 3–6 M, is capable of effective leaching of most base metals from waste PWBs. 
Moreover, the liquid-to-solid ratio of 25 mL/g and 15–30 min time was adequate 
to reach the apparent leaching equilibrium for most metals. Higher leaching 
amounts were obtained for thermally pretreated waste PWBs. Moreover, from the 
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three categories above, it has been shown that sequential leaching with 
hydrochloric or nitric acid in step one and then aqua regia in step two is the best 
method of chemical separation of base and precious metals. 
In literature, some researchers have suggested that pyrolysis as the best technique 
for recycling waste PWBs, while others have recommended leaching as the best 
treatment process. However, results from this work indicate that for comprehensive 
treatment of waste PWBs, both processes are needed to complement each other. Figure 




Figure 2.1.  Recommended Recycling Process for Waste PWBs 
 
 
In Figure 2.1, the processes indicated in black text are the ones which were used 
to treat waste PWBs in the current work.  Similarly, the products and wastes are also 
presented black text.  These products are intermediate and more treatment is needed to 
make them useful. The processes in red text are the recommended processes and their 
corresponding products.   
Waste PWBs from obsolete electronic waste is first mechanically treated (sorted, 
dismantled, crushed and milled).  Screen/sieve analysis of the crushed waste PWBs yields 
bulk material with different particle sizes with different chemical composition.  From the 
present work, waste PWBs with below 315 microns particle size was found to contain 
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mainly metals and metal oxides.  This fraction is known as fines in Figure 2.1 and should 
be leached for metals recovery.  The leaching process as suggested in Paper five (chapter 
6) should include a two-step process.  Step one should include leaching with 
approximately 1 – 3 M HCl acid at 80 oC, 100 mL/g, and 30 min. to yield a variety of 
soluble metal chlorides like ZnCl2, CoCl2, BaCl2, SnCl2, FeCl2, and etc.  Subsequent 
solvent extraction process can purify this solution to the metal of interest.  The metal of 
interest is then recovered through electro-winning or other methods like precipitation. 
The waste from leaching with HCl is rich in precious metals (Au, Pd, Ag, and Pt), Al2O3, 
SiO2, and other metal oxides.  Leaching this waste with approximately 20 – 40% aqua 
regia at 80 
o
C, 100 mL/g, and 30 min. dissolves Cu, Au, Pd, Pt and etc. Au can be 
recovered from solution through activated carbon adsorption or any other suitable 
technique.  The waste from aqua regia leaching mainly contains carbon, Al2O3, SiO2, and 
some concentration of metal elements.  This waste can now be taken to landfill. This 
completes the waste PWB fines processing. 
Similarly, the fraction of particle size greater than 315 microns, mainly contain 
polymers and is referred to as coarse in Figure 2.1.  Therefore, this fraction is suitable for 
pyrolysis process for oil recovery. This waste PWB fraction mixed with CaO or CaCO3, 
(PWB/CaO ratio = 5) is pyrolyzed at 900 
o
C for two hours, and the subsequent gaseous 
products condensed at temperatures between 0 
o
C and -5 
o
C to pyrolysis oil (~18 g per 
100 g of waste PWB) rich in phenols, benzenes, alkanes, alkynes, alkenes, and etc.  This 
oil is mainly bromine free. Subsequent treatment of this oil can yield phenolic resins or 
fuel for use in other industries like blast furnace in steel making. Additionally, the un-
condensed gas is rich in H2, H2O, CH4, and CO2 (~36 g per 100 g of waste PWB) can be 
used in syn gas production or used directly as fuel after purification. Moreover, pyrolysis 
residue is rich in Al2O3, CaO, C, SiO2, CaBr2, ZnBr2, and metal ash. This residue can be 
landfilled or processed for use as a construction material.  
This above diagram shows the possible comprehensive processes which can be 
used to recycled the ever increasing volume of e-waste or waste PWBs in this case. 
However, it is apparent from Figure 2.1 that more work needs to be done especially on 
the characterization of pyrolysis products (gas, oil, and solid residue) in order to 
determine their possible applications and utilization. Additionally, the mechanisms of 
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reduction of HBr and other pollutant gases using chemical additives are not fully 
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